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- Abstract -
ABSTRACT
Pretreatment of stainless steel (AISI 304 & AISI 316) surfaces with 
skimmed UHT milk significantly reduced the numbers of attaching Staphylococcus 
aureus and other Gram positive bacteria, although the same effect was not 
observed with the Gram negative Pseudomonas fragi and Escherichia coli. Milk 
constituents with molecular weights below 1000 Daltons did not show the observed 
effect.
Droplet contact angle experiments showed that the stainless steel surface 
became only marginally more hydrophobic when milk was adsorbed.
The attachment of S. aureus onto stainless steel was found to be dependent 
on the physico-chemical properties of the bacterial surface, the stainless steel 
surface and of the suspending solution.
SDS-polyacrylamide gel electrophoresis showed that proteins are adsorbed 
onto the stainless steel surface in approximately the same proportions as those in 
the bulk milk. Of the milk proteins, the caseins were more effective at inhibiting 
attachment. This was found to be true even when the proteins were used at 
identical concentrations, rather than in the proportions found naturally in milk, k- 
Casein was the most effective at inhibiting attachment.
Copyright ®, 1992 by M. F. Lo. All rights reserved.
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1. Introduction
C H A P T E R  1 . 
I N T R O D U C T I O N
1. Introduction
1.1. Bacterial Adhesion
Bacterial adhesion to solid surfaces is widespread, it can be found in 
marine environments where it promotes corrosion of submerged surfaces such 
as ships hulls, oil-rigs, and pipelines; in medicine where bacteria adhering to 
catheters and implants are implicated in infections; in dentistry where adhering 
bacteria are identified with the cause of dental caries; in engineering where it 
is responsible for the fouling of heat exchangers, cooling towers, and water 
deionisers; in sewage and water treatment where it is utilised in flocculation, 
fluidised beds, percolating filters, and activated sludge; and in food and drink 
processing where it may be a source of product contamination.
There are two physico-chemical approaches to describe bacterial 
adhesion to surfaces. The first is based on electrokinetic theory which 
concentrates on the significance of electrostatic charges on the bacterial and 
substratum surfaces. It considers the forces of electrostatic attraction and 
repulsion, van der Waal’s forces, and electrolyte concentrations. The second 
is based on thermodynamics and concentrates on the surface energy and related 
parameters such as the hydrophobicity of the bacterial and substratum surfaces. 
Bacteria may be considered as large colloidal particles in view of their size and 
physicochemical properties so colloidal theories may be applied to them 
directly.
One limitation of these theories is that bacteria do not behave as ideal 
particles. The bacterial surface is chemically and structurally very complex. 
This is due to the presence of many different types of polymers which include 
peptidoglycans, proteins, teichoic acids and in Gram negative bacteria 
polysaccharides such as the lipopolysaccharides. Also, bacteria are dynamic 
living organisms which change with time through the assimilation of nutrients
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leading to the production of biomass and metabolites. Such physiological 
changes may result in the modification of the cell surface properties and hence 
will cause changes in their adhesive properties with time.
1.1.1. Electrokinetic approach
The DLVO theory, postulated independently by Derjaguin and Landau 
( 1941 ) in Russia and Verwey and Overbeek ( 1948 ) in Holland for the 
interaction between a spherical particle approaching a planar surface, is that the 
total long range interaction ( GT0T ) is obtained by the summation of the van 
der Waal’s attractive dispersion forces ( GA ) and the electrostatic repulsive 
energy due to the overlap of the electrical double layers ( GE ):
GTOt  -  Ga  + &E
Van der Waal’s forces
Van der Waal’s forces originate from interactions between dipole 
moments of atoms and molecules and are always present.
For a spherical particle approaching a planar surface ( Figure 1.1 ) the 
van der Waal’s interactions ( GA ) can be approximated by:
Ga -  —  [ 2r(H+^  -In ( + + ' )  ] (2)
A 6 H(H+2r) v H 9 J
where; A is the Hamaker constant which is derived from the original London 
constant ( C ) in the equation for the dispersion energy ( U  ) between two
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atoms in a gas ( U = C.d-6 where d is the interatomic distance ). The Hamaker 
constant is obtained from C by summing the numbers of polarisable molecules 
per unit volume of the interacting bodies. H is the separation between the 
sphere and the planar surface and r is the radius of the sphere.
Figure 1.1. Schematic diagram of a spherical 
particle approaching a planar surface.
Since the separation ( H ) between a bacterium and the surface is a lot 
smaller than the radius ( r ) of the bacterium, equation ( 2 ) may be reduced to:
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The Hamaker constant ( A ) for a system is composed of the individual 
Hamaker constants of the materials involved:
A = ( f t ;  -  ^ 3  ) ( )Ja 2 -  ^ 3  ) ^
where ’1’ refers to the planar-surface body, ’2’ to the sphere, and ’3’ to the 
medium. Generally for biological materials in aqueous media ( see Visser, 1976 
and Nir, 1977 for tables ) Aj^  > A3 and A2 > A3, thus A is positive and GA 
in equations ( 2 ) and ( 3 ) becomes negative which implies that the net effect 
for the van der Waal’s forces is attraction.
Electrostatic interactions
The energy from the electrostatic interactions ( GE ) of a sphere 
approaching a planar surface can be estimated from ( Visser, 1976 ):
G e  = iree0r ( ^132+ <pn 2) (— 3 2 1" [—  eXP< " j  + In [1- exp('2,cH) ] )
+13 + *23 1 - exp
( 5 )
where e is the dielectric constant of the medium, e0 the permittivity of free 
space, the potential at the phase boundary indicated by the subscript, and k 
the reciprocal Debye length, k is determined by the ionic strength of the bulk 
solution according to:
«2 ■ - 4  E  z ?  (6)66QkT Y
where e is the elementary charge, k the Boltzmann constant, T the absolute 
temperature, q the concentration of ionic species i, and Zj the valency of ionic 
species i.
Ge is dependent on: the thickness of the electrical double layers, which
- 5 -
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is inversely correlated to the ionic strength of the suspending medium; the 
surface potential; the distance between the interacting particle / bacterium and 
the substratum, and on the dielectric constant of the suspending medium.
The DLVO theory can be used to predict the initial processes of bacterial 
adhesion. From the above equations it can be seen that the total energy 
( Gtot ) is dependent on the ionic strength of the medium as illustrated in 
Figure 1.2., where the total interaction energy ( GT0T ) is shown as a function 
of the separation ( H ) of the particle and surface in media of different ionic 
strengths. When the particle and surface have the same sign ( Figure 1.2. top ) 
the electrostatic energy ( GE ) is repulsive and an energy barrier is created at 
low and medium ionic strengths. This energy barrier may be suppressed by 
increasing the ionic strength which results in the decrease of the electrostatic 
interactions due to the compression of the electrical double layer. At certain 
intermediate values of ionic strength the maximum in GTo t  *s sufficiently low 
to allow high energy particles to overcome the energy barrier and reach the 
primary minimum ( Slow adhesion ).
At high ionic strengths the value of GTq t  is always negative, because 
of the small contribution from GE, therefore all the particles can reach the 
primary minimum and adhesion will be quick and strong. When the particle and 
surface have opposite signs ( Figure 1.2. bottom ), both the electrostatic energy 
( GE ) and the Van der Waals energy ( GA ) are always negative resulting in 
a negative total energy ( GTq t  ) and strong attachment of the particle to the 
surface can instantly occur at all ionic strengths.
At a larger separation distance, about 5 - 1 0  nm, for like-charged 
particle and surface a secondary minimum in GTq t  ( H ) is present which is 
most pronounced at intermediate ionic strengths and is deeper for larger
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particles ( such as microorganisms ), Particles or micro-organisms held at this 
secondary minimum are thought to be "reversibly" attached ( Marshall e t a l. , 
1971 ) because they can be removed by the process of rinsing.
Figure 1.2. Gibbs free energy curves predicted by DLVO theory, 
top: particle and surface with same sign, 
bottom: particle and surface with opposite sign.
See text for full explanation ( from Rutter, 1984 ).
At very small distances of separation, about 0.2 - 0.6 nm, strong short 
range interactions can occur. These will include chemical bonding ( hydrogen,
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disulphide, thio, amide and ester ), ion pair formation ( -NH3 + ..."OOC- ), ion 
bridging ( -COO"...Ca24'..."OOC-) and will usually determine the strength of 
bacterial adhesion to surfaces.
1.1.2. Thermodynamic approach
The net surface free energy for the adhesion of bacteria ( AGadh ) to 
surfaces is based on the destruction and formation of interfaces with the general 
equation:
AGa d h  ~ GSB -  G s l  -  Gb l  (7)
where S is the solid, B the bacteria, and L the liquid. When the equation is 
’negative’ the process is thermodynamically favoured and will proceed 
spontaneously. If the molecular composition of the interfaces, pressure and 
temperature remain unchanged then interfacial surface tension ( 7  ) values may 
be substituted for the ’G’ values;
A(^ADH = JSB ~ ySL ~ TjBL ®
Information about the interfacial tension of surfaces may be obtained by 
measuring the contact angle of a drop of liquid on a surface and applying 
Young’s equation;
ysL = y s v  ~ ( y lv * cos@) (9)
where S is the solid, L the liquid, and V the vapour. Since it is impossible to 
measure 7 SL and 7 SV independently and the contact angle of a drop of water
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on a surface is simple to measure using a horizontal microscope fitted with a 
goniometer eyepiece, the relative hydrophobicity of surfaces is often used as in 
most cases it is correlated to the surface free energy ( Van Loosdrecht, 1988 ). 
Generally the surface free energy decreases with increased surface 
hydrophobicity. The hydrophobicity of a surface can be simply defined as a 
measure of the aversion of a surface towards water.
1.2. Factors affecting bacterial adhesion
Many different factors have been shown to affect in different ways how 
bacteria adhere to solid surfaces. These will include those related to: ( i ) the 
bacterium, including; the composition of the cell wall, cell wall appendages 
( flagella, fimbriae or pili and capsules ), motility, shape, size, and growth 
phase; ( i i ) the substratum surface, including; surface roughness, 
hydrophobicity, net charge, and the presence of an adsorbed macromolecular 
layer ( including conditioning film of proteins or polysaccharides ) and; ( iii ) 
the suspending medium, including; the ionic strength, pH, nutrient availability, 
temperature, and the shear forces due to the flow.
Concentration of nutrients
Zobell ( 1943 ) suggested that bacterial activity increased with the 
presence of glass surfaces in particular when nutrient levels were low. 
It was thought that this was due to a concentrating effect of nutrients 
adsorbing on to the glass surfaces thus making them more accessible to 
bacteria at the surfaces. Nutrient concentrations can influence 
physiological properties of bacteria during growth. Limitation of certain 
substrates will cause some bacteria to produce different cell wall
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polymeric materials resulting in a change in cell hydrophobicity and net 
surface charge which will in turn affect how the bacteria will attach on 
to surfaces.
Cell motility/ role of flagella
Removal of the flagella of Pseudomonas aeruginosa by blending was 
shown to reduce the number of cells attached to stainless steel by 87 % 
( Stanley, 1983 ). The flagella were found to aid the attachment of 
Pseudomonas marina and Vibrio spp to glass surfaces but were not 
essential ( Sjoblad & Doetsch, 1982 ) because cell mobility increases 
the statistical probability of the cell meeting a surface. Due to their small 
cross sectional area, the flagella or other cell wall appendages will 
reduce the potential energy barrier as described by the DLVO theory, 
thus allowing a part of the bacterium to approach the substratum. The 
formation of short range bonds to the surface can then occur whilst the 
’body’ of the bacterium is held in place by long range Van der Waal’s 
forces.
Agitation
Stanley ( 1983 ) and Speers and Gilmour ( 1985 ) found that agitation 
had no effect on the attachment of bacteria to stainless steel. The shear 
forces due to the agitation were thought to counteract any increased 
attachment due to increased surface contact, force and frequency. 
Duddridge et al. ( 1982 ) found that attachment of Pseudomonas 
fluorescens to stainless steel under flowing conditions was inversely 
proportional to the shear stress. The difference between the two 
observations may be due to the fact that the shear forces used by
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Duddridge were higher than those in the by Stanley and Speers and 
Gilmour experiments. Johal ( 1988 ) found that bacteria under static 
conditions showed a preference for hydrophobic surfaces and under 
dynamic conditions showed a preference for hydrophilic surfaces. This 
difference was attributed to two factors: the dissimilar mechanisms of 
adhesion on hydrophobic and hydrophilic substrata, and the retention 
time of the bacteria at each type of surface. Firm attachment to 
hydrophilic surfaces is instantaneous whereas attachment to hydrophobic 
surfaces is time dependent due to the requirement for the production of 
extracellular polymer.
Bacterial concentration
The attachment of bacteria to surfaces increases with increasing bacterial 
suspension concentration until saturation occurs ( Fletcher, 1977 and 
Hsieh & Merry, 1986 ) due to the statistical increase in the number of 
collisions of bacteria with the surface increasing the opportunity for 
attachment.
Temperature
The optimum temperature for the attachment of bacteria to surfaces was 
found to be in the range 20-25°C ( McEldowney & Fletcher, 1988a and 
Fletcher, 1977 ) found that a low temperature of 3°C decreased the 
proportion of cells which attached when compared with attached cells at 
20°C. The lowering of the temperature was thought to have two effects, 
1 ) to increase the viscosity of the suspending medium, thereby reducing 
the number of bacteria reaching the substrata; and 2 ) to reduce the 
metabolic rate which will reduce both the production of exocellular
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polymer and the motility of the cell. All three may reduce the numbers 
of bacteria attaching to the surface. However, Stone and Zottola ( 1985 ) 
found no difference between the attachment of P seu d o m o n a s  f r a g i  to 
stainless steel surfaces at 4°C and at 25°C.
Growth phase / age
Adhesion to surfaces is dependent on the age of the bacteria. It has been 
shown that bacteria in the exponential phase attached in higher numbers 
than bacteria in the stationary phase and the lowest number of bacteria 
adhering is during the death phase ( Fletcher, 1977 and Stanley, 1983 ). 
This trend was explained by the changes in the motility of the cells with 
time and to the changes in the quality and / or quantity of the cell wall 
associated polymers which will modify cell hydrophobicity. During the 
exponential growth phase the cells are more motile and therefore are 
more likely to contact the surface.
Ionic Strength
At low electrolyte concentrations bacterial attachment is low due to 
strong repulsion between the bacteria and the surface as predicted by the 
DLVO theory. Increasing electrolyte concentration will lower the 
repulsive force, by reducing the overlap of the diffuse electrical double 
layer around the organism and the substratum, resulting in more 
bacterial attachment ( Marshall e t a l . , 1971 and Abbott e t a l . , 1983 ).
pH
The optimum value for the attachment of bacteria to a surface was found
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to be pH 7-8 ( Stanley, 1983 ) and pH 6-8 ( McEldowney and Fletcher, 
1988b) The pH of the bacterial suspending solution will affect the ionic 
characteristics of the organism because many of the surface components, 
such as the teichoic acids or lipopolysaccharides, are polyelectrolytes 
and thus, pH will influence the way in which the bacteria will interact 
with a surface.
Time
Zobell ( 1943 ) observed that firm attachment of bacteria to surfaces 
required an incubation period of 6-12 hrs. Dunsmore and Bates ( 1982 ) 
found that E n te ro b a c te r  aero g en es  took 4-6 hrs to become irreversibly 
attached to glass, but E sch erich ia  co li adhered irreversibly immediately. 
Fletcher ( 1977), Johal ( 1988), and Herald and Zottola ( 1988 ) found 
that bacterial attachment increased with time, probably due to the 
increase in the number of collisions of the bacteria with the surface and 
also to the time dependent stage required for the production of 
exopolymers. Lewis e t al. (1987) reported the proliferation of bacteria 
( P seu d o m o n a s  s p . , M icro co ccu s  s p . a n d  A c in e to b a c te r  sp. ) on soiled 
stainless steel 72 hours after being inoculated with single bacterial cells.
Substrata
Thermodynamically the adhesion of bacteria to surfaces should be 
greater on hydrophilic than on hydrophobic substrata, when the 
surface tension of the bacteria is larger than that of the suspending 
medium. When the surface tension of the suspending medium is larger 
than that of the of the bacteria, the opposite pattern should occur 
( Absolom e t a l , 1983 ). This was also shown by Wilkins e t a l.
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( 1989 ) who found that the attachment of S ta p h ylo co ccu s  aureu s  
increased with increasing critical surface tension of the polymer surface 
or its wettability. Fletcher and Loeb ( 1979 ) suggested that net surface 
charge of the substrata is also significant to bacterial attachment. The 
attachment of bacteria increasing from substrata with negative charge to 
substrata with positive charge because bacteria carry a net negative 
charge due to the preponderance of phosphate and other acid groups in 
the cell wall. Paul and Jeffrey ( 1985 ) suggested that there are separate 
adhesion mechanisms for hydrophilic and hydrophobic substrata. 
Attachment of bacteria to surfaces was shown to increase with surface 
microrugosity ( Johal, 1988; Wilkins e t a l ., 1989; Mafu e t a l ., 1990 ) 
and is due to an increase in surface area available for attachment and to 
harbourage of bacteria in any surface irregularities of the substrata.
Surfactants
Triton X-100 strongly inhibited attachment of estuarine and marine 
bacteria to polystyrene but the effect with glass was found to be 
dependent on the organism ( Paul & Jeffrey, 1985 ). Humphries e t al.
( 1986 and 1987 ) found that the surfactants Brij 56 and Procetyl 30 had 
an anti-adhesive effect on hydrophobic but not hydrophilic surfaces. It 
was suggested that the surfactant adsorbs onto the hydrophobic surface 
v ia  its hydrocarbon chain so as to yield a surface with a high density of 
uncharged hydrophilic polyethylene glycol or polypropylene glycol 
chains, which are highly hydrated, and provide a steric barrier which 
inhibits the adhesion of bacteria.
Goldberg e t al. ( 1990) showed that the cationic surfactant 
cetylpyridinium chloride could enhance the attachment of
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microorganisms to hexadecane and hydrophobic polystyrene. It was 
thought that the cationic surfactant binds directly via its positive charge 
to the negatively charged groups on the cell surface. The exposed 
hydrophobic moiety of the cationic surfactant then increases cell surface 
hydrophobicity and thus enhances bacterial attachment. It was also 
thought that surface bound cationic surfactant may promote bridging 
between the cells thereby stabilising attachment.
Cell wall
Meadows ( 1971 ) found that attachment depends on the integrity of the 
bacterial cell wall by observing the difference in attachment of dead 
bacteria. Ultra-violet radiation, formalin and heat were used to kill the 
cells, UV-radiation inactivates DNA thus keeping the cell wall intact 
whereas formalin would reversibly alter the cell surface macromolecules 
and heat would irreversibly alter the cell surface macromolecules. The 
numbers of UV-killed cells attaching was slightly reduced when 
compared to their controls, while the numbers of heat and formalin 
killed bacteria that attached were very low. Lewis e t  a l. ( 1989 ) found 
that UV-treatment of A c in e to b a c te r  spp. reduced the strength of bacterial 
attachment to surfaces, probably as a result of alterations to the cell 
surface characteristics and thus a reduction in the strength of the 
association between the bacteria and the extracellular polymers.
Most bacteria have a thick layer of macromolecules associated with their 
surface and under certain circumstances some of the macromolecules 
may be released. If the macromolecules are present in the suspending 
medium then the effect may be hydrodynamic. The rate of adhesion will 
be reduced due to an increase in the solution viscosity. Several authors
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have visualised the formation of extracellular polymeric material during 
the attachment of P seu d o m o n a s  spp . to solid surfaces ( Fletcher & 
Floodgate, 1973; Marshall e t a l ., 1971; and Zoltai e t a l . , 1981 ). They 
reported that bacterial attachment to surfaces consists of a two-step 
sequential process. The first being the reversible ’primary’ attachment 
as predicted by the DLVO theory, followed by a time dependent 
’secondary’ attachment, which was irreversible, involving the production 
of extracelluar polymeric material. The polymeric material may adsorb 
onto the substratum to form a polymer bridge or it may reduce the 
electrostatic repulsion between the organism and the surface.
The extracellular polymer produced by the P seu d o m o n a s  spp . was 
shown to be acidic and fibrous in nature ( Fletcher & Loeb, 1979 and 
Costerton & Irvin, 1981 ), however, Fraser & Gilmour ( 1986 ) have 
attributed the fibrillar appearance of the extracellular polymer to 
condensation and chemical denaturation during specimen preparation 
prior to examination by scanning electron microscopy.
Proteins
Proteins present in the suspending medium or located at interfaces may 
lead to significant changes in the interaction between a particle and the 
substratum. It was shown by Meadows ( 1971 ) that albumin and 
salmine added to the suspending medium inhibited attachment of 
A ero m o n a s  lique fac iens, E sc h erich ia  c o li, and P seu d o m o n a s  flu o r e s c e n s  
to glass, whereas casein and gelatin promoted attachment, with the 
exception of gelatin and E. co li. Fletcher ( 1976 ) found that adsorbed 
bovine serum albumin, fibrinogen and pepsin prevented the attachment 
of a P seu d o m o n a s  sp. to a polystyrene surface by making the surface
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less suitable for attachment by either modifying the ionic micro­
environment of the surface or by forming a macromolecular ’scaffolding’ 
to which the bacteria are unable to adhere. Abbott e t a l. ( 1983 ) showed 
that a layer of bovine serum albumin had little effect on the attachment 
of S trep to co ccu s m u ta n s  (serotype b ) to glass but inhibited the 
attachment of‘the serotype c due to steric effects. Basic proteins were 
found to enhance or had no effect ( Reynolds & Wong, 1983 ) on the 
attachment of S trep to co ccu s m u tans  to hydroxyapatite and that adsorbed 
acidic proteins reduced the number of bacteria attaching. They suggested
that the reduction in attachment was due to an increase in the net
3negative charge on the surface of the hydroxypatite facilitated by the
A
adsorbed acidic proteins. This is thought to increase the repulsion of the 
electrical double layers surrounding the bacterium and surface, thereby 
increasing the potential energy barrier which hinders the approach of the 
bacterium and hence inhibits attachment.
Fletcher and Marshall ( 1982 ) found that attachment of P seu d o m o n a s  
spp. to tissue culture dishes was affected by bovine glycoprotein, bovine 
serum albumin and protamine. Ludwicka et al. ( 1984 ) found that the 
basic protein lysozyme ( change of contact angle from 95° to 0° ) 
significantly reduced the numbers of S ta p h ylo co ccu s ep iderm id is
et  al .
adhering to polyethylene. Van der MeiA( 1990 ) found that adsorbed 
salivary constituents reduced the adhesion of bacteria to solid substrata 
by masking the binding polymers on the bacterial cell surface.
It can be concluded from the above review that there are lots of different 
factors which affect bacterial attachment to surfaces, ie it is multi-factorial. 
Interactions between different factors will alter the individual effects and thus 
it is clear that each combination of bacterium / substratum / suspending
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medium will have to be studied separately to determine the overall effect. 
Then, after all the data have been drawn together and tabulated, trends and 
generalisation may be made.
1.3. Significance of bacterial adhesion in the food industry
Modern economic developments within the food industry have resulted 
in the desire for bigger and longer production runs. This has led to stricter 
hygiene control in an effort to avoid costly stoppages in production for cleaning 
and sanitising. The cost for the recall and disposal of spoiled or contaminated 
products, as well as compensation and legal expenses, is immense and could 
easily send the food manufacturing company into bankruptcy.
Food products can be contaminated by practically any material or 
substance found in the food processing plant. Some contaminants can be easily 
detected in the end products whilst others will be very difficult to detect. For 
example fragments of some metals can be located with metal detectors and 
removed by magnets but pieces of glass in frozen food product will be virtually 
undetectable until eaten by the consumer, even then the pieces of glass may be 
mistaken for ice crystals depending on the size.
Contamination by micro-organisms is of great importance in the food 
industry. Certain micro-organisms such as moulds, yeasts and many species of 
bacteria will cause spoilage of food products, while other bacteria such as 
S a lm o n e lla  spp , L is te r ia  m o n o cy to g en es, C lostrid ium  bo tu lin u m , C. p e r fr in g e n s , 
S ta p h ylo co ccu s aureus, B a c illu s  cereus, C am pylobacter  je ju n i,  Yersin ia  
e n te ro c o litis  and V ibrio  p a ra h a e m o ly ticu s  if consumed in sufficient numbers or 
allowed to grow in the food and produce toxins will result in food poisoning.
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The control of micro-organisms ( Silliker e t a l ., 1988 ) in foods is normally 
by removal, inhibition of growth or destruction. The choice of method will 
largely depend on the sensitivities of the micro-organisms to be controlled and 
of the nature of the food product. The important characteristics of micro­
organisms include sensitivity to extremes of temperature and pH, water activity, 
radiation, and anti-microbial agents. These characteristics are utilised by food 
processors in chilling, freezing, pasteurising, canning, drying, salting, sugaring, 
fermenting, irradiation and the use of preservatives to control the growth or 
survival of micro-organisms in food and food products.
Routine microbial testing of food products to ensure that it will be free 
of microbial contamination has two serious limitations: ( i ) the problem of 
sampling a sufficiently large number of units to obtain meaningful information 
on the batch of product; ( i i ) the constraints of time and cost to obtain results 
of microbiological analyses. Even with the development of more rapid methods 
it is still impractical to hold perishable products pending results, and with shelf- 
stable products costly warehousing is necessary. Even if the number of micro­
organisms present in the food product at the time of inspection is below the 
detection level, or at the designated safe level, they can multiply rapidly to a 
potentially dangerous level during storage. As a means of controlling quality 
the prevention of contamination will always be preferable to attempting to 
detect and resolve the problem afterwards.
During the processing of food it will inevitably come into contact with 
surfaces, and unless the food is perfectly dry, the contact surface will become 
contaminated by one or more of the food components ( Schwach & Zottola, 
1982 and 1984; Zoltai et a l. , 1981 ). The physico-chemical nature of the food- 
processing-surface will be altered by these adsorbed components which may 
subsequently affect the species of bacteria that will adhere to the surface and
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the strength and total number of their attachment. This is of importance because 
attached bacteria on food processing surfaces may lead to the further 
contamination of the foods being processed ( Firstenberg-Eden, 1981; 
McEldowney & Fletcher, 1988b; Kirtley & McGuire, 1989 ).
Dunsmore ( 1981), Dunsmore & Thomson ( 1981 ), Dunsmore e t al. 
( 1981a ), and Mosteller 8 i Bishop ( 1989 ) investigated the effectiveness of 
bacteriological control of food equipment surfaces by cleaning and sanitising 
methods, and in 1981 (Dunsmore e t a l., 1981b) reviewed the design and 
performance of systems for cleaning food-contact surfaces of food equipment.
The primary function of any cleaning operation is the limitation of 
microbial contamination of the product to a minimum level ( preferable zero 
but not always attainable ). This is best achieved by controlling the numbers of 
organisms being transferred from the equipment surface into the product. This 
contamination process is the final event in a sequence which may be 
summarized ( Dunsmore e t a l . , 1981b ) as follows:
a ) deposition of organisms onto the equipment surface,
b ) attachment of organisms to the equipment surface,
c ) depletion of microbial numbers by a cleaning operation,
d ) increase in microbial numbers if there is sufficient residual soil and 
appropriate growth conditions during intervening period, and
e ) contam ination o f  the food when it  passes over the surface o f  the equipment.
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Major sources from which organisms may deposit onto equipment 
surface are the food product itself ( Druce & Thomas, 1972; Palmer, 1981; 
Firstenberg-Eden, 1981; Notermans e ta l . , 1982; Thompson & Patterson, 1983; 
Johal, 1988; and Purdy et a l . , 1988 ), air, cleaning solutions, cleaning 
equipment ( Scott & Bloomfield, 1990a ), animals and personnel ( Scott & 
Bloomfield, 1990b ). The relative importance of these sources will vary with 
each situation, the most significant consideration will be the variety and the 
numbers of bacteria present. McEldowney & Fletcher ( 1988a) have shown that 
bacteria are capable of attaching to and surviving on dry solid surfaces.
The cleaning and disinfecting of plant and equipment used in the dairying 
industry is set-out in the code of practice of the British Standards Institution 
( BS 5305 ). The cleaning process consist of the following steps:
a ) a preliminary rinse with water to remove gross soil,
b ) a cleaning treatment with a detergent solution so that the soiled surface is 
freed from soil,
c ) one or more rinses of the cleaned surfaces with clean water so that they are 
freed from released contaminants and detergent solution, and
e ) a disinfection step to leave the surfaces clean and freed of soil and micro­
organisms.
The choice of detergent depends on the following factors:
a ) The nature of the soil to be removed. The composition of the soil 
determines the characteristic of the detergent required.
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b ) The materials of construction of the equipment as these can have 
restricting influences on the selection of detergent due to the need to minimise 
corrosion.
c ) The method of cleaning, whether manual or circulation as this will 
have a bearing on the detergent characteristics such as residues and foaming 
properties.
d ) The hardness characteristic of the water. Hard water will require the 
use of sequestering agents such as sodium polyphosphates or ethylenediamine- 
tetra-acetic acid.
e ) Whether a combined detergent / disinfectant is to be used because it 
is important to ensure that detergent and disinfectant components are 
compatible.
The disinfection step is normally accomplished by either heat or 
chemical treatments of the surfaces of the equipment. Heat can be applied as 
steam, at elevated pressures in sealed pressurized units or at atmospheric 
pressure to open units, or in the form of hot or boiling water. The efficiency 
of heat treatment is related to the temperature reached, the time the temperature 
is maintained and the humidity. It is important that adequate penetration of the 
heat to all parts of the equipment is reached and that the temperature can be 
accurately measured. Heat treatment by steam and hot water is relatively non 
corrosive to stainless steel and glass, it leaves no residue ( except where water 
hardness is greater than 50 mg.l'1, then water scale may be deposited ). It is 
effective against vegetative bacteria, yeast and moulds but hot water and steam 
at atmospheric pressure may not destroy all bacterial spores.
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The choice of chemical disinfecting agents is influenced by 
concentration, contact time, temperature, organic matter ( soil), pH, water 
hardness, combination with detergent components, and the type of 
microorganisms. There are three groups of commonly used chemical 
disinfectants, these being:
a ) Chlorine based compounds, such as sodium hypochlorite, chlorinated 
trisodium phosphate, and sodium dichloro iso  cyanurate. The available chlorine 
in these compounds reacts rapidly with and is inactivated by the presence of 
organic matter. It is therefore important that soiled surfaces are freed of such 
materials prior to the disinfection step. These compounds are also corrosive to 
most metals so contact time, temperature, and concentration must be optimised 
to minimise corrosion but maintain the bactericidal activity.
b ) Iodophors. These are compounds of iodine complexed with non-ionic 
surfactants to render them water soluble. The bactericidal activity of iodine is 
similar to chlorine and can be enhanced by acidification with phosphoric acid. 
They are inactivated by the rapid reaction with organic matter. The presence 
of the surface active agents confers detergent properties and iodophors are 
generally all classed as detergent / disinfectant. The released iodine is capable 
of staining some plastics brown and may even adsorb onto some rubbers. The 
iodine may then impart an antiseptic taint into any fluids which subsequently 
comes into contact with the rubber.
c ) Quaternary ammonium compounds ( QAC ). QAC’s have a more 
limited range of antibacterial activity than the chlorine and iodine based 
compounds. However, since QAC’s are relatively non-corrosive to metals they 
can be used at higher temperatures and for longer contact times than 
hypochlorite. The bactericidal effectiveness of QAC’s is also impaired by the
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presence of organic matter.
In all cases the disinfection of the equipment should be carried out 
immediately prior to use to remove the risk of corrosion due to residual 
chemicals or the risk of recontamination by microorganisms.
Once the equipment has been cleaned and disinfected there is still a 
problem of the microbiological assessment of the food contact surfaces to 
confirm that the surface is freed from microorganisms. This will be especially 
difficult if the food contact surface is uneven, rough or its access is restricted 
such as in pipelines or inside machinery.
A better understanding of the mechanisms by which the bacteria attach 
to surfaces will help in the development of more hygienic processes and more 
efficient cleaning and sanitising techniques.
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1.4. Aims of this project
The aims of this project were;
( 1 ) To investigate methods by which the effects of adhered organic 
constituents on the adhesion of bacteria onto food processing surfaces can be 
studied.
( 2 ) To use such methods/techniques to investigate the effects.
( 3 ) To obtain an understanding of the mechanisms involved and develop the 
ability to predict the affects adhered organics will have on bacterial attachment 
to food processing surfaces.
1.5. Approach to this project
The approach taken to this project was to start off by using a simple, 
representative, and reproducible model of a real-life situation to examine the 
effects adhered organics have on the attachment of bacteria to food processing 
surfaces.
The model system chosen was stainless steel as the food contact surface, 
milk as the source of organics and the Gram positive S ta p h ylo co ccu s aureus  
and the Gram negative P seu d o m o n a s  f r a g i  as representative bacteria.
S tap h ylo co ccu s a u reu s  is a Gram positive coccus, it is non-spore 
forming, and non-motile. S . aureus is one of twenty species of the genus 
S ta p h y lo c o cc u s , that occur on the skin and mucous membranes of human and
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many other warm blooded mammals. It is responsible for a wide range of 
infections in human. More than 60 % of human S. a u reu s  strains produce 
enterotoxins during growth on suitable substrates. S. a u reu s  can also be found 
in the udders of cows, goats and sheep suffering from mastitis and consequently 
in the raw milk from such animals ( Campbell & Marshall, 1975 ). Whereas 
the organism itself is fairly readily destroyed by the heat of pasteurisation and 
normal cooking procedures, the toxin is more resistant to heat.
Since the organisms are normal inhabitants of the indigenous skin 
microbiota and are capable of surviving for a long time on dry inanimate 
objects ( Wadstrom, 1990 ) it would be very difficult to eliminate them from 
any working environment. For these reasons S. a ureus is important to the food 
manufacturer both as a marker for good hygiene practices as well as an 
organism responsible for food poisoning.
P seu d o m o n a s  f r a g i  is a non-spore-forming, motile Gram negative rod. 
It has been used in studies of adhesion of bacteria to stainless steel by Schwach 
and Zottola ( 1984 ), Speers e t al. ( 1984 ), Speers and Gilmour ( 1985 ), 
Stone and Zottola ( 1985 ), and Lewis and Gilmour ( 1987 ). P seu d o m o n a s  
spp. have been shown to be important in the spoilage of proteinaceous foods, 
such as meat, poultry, fish, and some dairy products even at low temperatures 
( 3-7 °C ). The spoilage is often accompanied by changes in the chemical 
composition of the food, with the production of characteristic ’off-odours’ and 
discolourations.
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1.6. Outline to the rest of the thesis.
Chapter 2 contains the materials and descriptions of the general methods used 
throughout this project.
Chapter 3 investigates some of the methods available for the study of organic 
material adsorbed onto surfaces.
Chapter 4 investigates the methods available for enumerating bacteria attached 
to surfaces and based on the results select the most appropriate one.
ofChapter 5 introduces the effectAadsorbed milk constituents on the attachment of 
bacteria to stainless steel.
Chapter 6 investigates factors related to the stainless steel surface which may 
affect the attachment of S tap h ylo co ccu s aureus  on to the stainless steel surfaces.
Chapter 7 investigates factors related to the bacterial cell surface and to the 
suspending medium which may affect the attachment of S. a u reu s  t stainless 
steel surfaces.
Chapter 8 investigates factors related to the suspending medium which may 
affect the attachment of S . aureus  to stainless steel surfaces.
Chapter 9 contains a discussion of the results from this project and some 
suggestions for possible future work.
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2. Materials and Methods
2.1. Introduction
This chapter describes the equipment, materials and general methods 
used during this project. Specific methods and procedures are given in the 
appropriate chapters.
2.2. Materials
2.2.1. Chemicals
All the chemicals used, unless otherwise specified, were of analytical 
grade and purchased from either BDH Chemicals Limited or Sigma Chemicals 
Company Limited.
2.2.2. Culture Media
All culturing media were purchased from Oxoid and reconstituted using 
Reverse Osmosis ( RO ) water and sterilised according to the manufacturer’s 
directions.
2.2.3. Stainless Steel
Austenitic stainless steel grade AISI 304 is the material of choice used 
in the food and drink industry for the manufacture of processing
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e t  o hequipment which comes into contact with foods ( Hayes, 1958; Simons, 
1970 ). It is preferred above other manufacturing materials because it is; 
durable, easy to work, and has resistance to foods and cleaning / 
sanitising agents ( Hays e t al., 1958; Masurovsky & Jordan, 1958; 
Hedrick, 1962; Maxcy, 1971 ). However in extreme situations, for 
example in pickling or salting processes, a more resistant grade of 
stainless steel would be used, for example the AISI 316 grade stainless 
steel which has an increased nickel content and also contains 
molybdenum ( Table 2.1.).
AISI 304 AISI 316
Chromium 17 - 20 % 16 - 20 %
Manganese < 2 % < 2 %
Nickel 8 - 11 % 8 - 11 %
Carbon < 800 ppm < 1200 ppm
Molybdenum None 2.5 - 3.5 %
Iron Balance Balance
Table 2.1. Chemical composition of stainless steels ( Peckner, 1977 ). 
2.2.4. Milk
Milk is a complex biological fluid comprising ( % w/w ); water 
( 87.3 % ), lactose ( 4.6 % ), lipids ( 3.9 % ), proteins ( 3.25 % ), and minor 
components (0.95 % ). The values given here for the composition do not take
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into account the variability of milk and therefore should only serve as an 
illustration. Skimmed UHT Milk, containing less than 0.1 % fat, was chosen 
as the source of organics to eliminate the effects of fats. Semi-skimmed and 
full-fat milks were used to investigate the effects of the presence of fats as well 
as proteins on the adhesion of bacteria to surfaces.
The composition of milk proteins is approximately 50 % ( w/w ) 
a-casein, 25 % B-casein, 10 % k-casein, 9 % B-lactoglobulin, and 
3 % a-lactalbumin. All the caseins are present in casein micelles, whereas the 
lactalbumin and lactoglobulin are the soluble whey proteins. In skimmed milk 
the casein micelles have a size distribution in the range 20 - 600 nm ( Schmidt, 
1982 ) and the submicelles have a diameter between 8 - 2 0  nm.
2.2.5. Bacteria
All the bacteria used for this project were obtained from the University 
of Surrey bacterial culture collection unless otherwise specified.
Escherichia coli (ATCC 25922)
Lactobacillus brevis (USCC 2073)
L. plantarum (Isolated from Lacto Start 03, #03210, Chr Hansens, Denmark) 
Lactococcus lactis (NCDO 497)
Leuconostoc mesenteroides (USCC 2076)
Micrococcus flavus (USCC )
M. luteus (USCC 555)
M. lysodeikticus (USCC 2148)
M. roseus (USCC 2277)
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Pediococcuspentosaceus (Isolated from Pedio Start 40, #011-10, Chr Hansens, 
Denmark)
Pseudomonas aeruginosa (USCC 2030)
P. fluorescens (USCC 1330)
P. fragi ( NCFB 2177 )
Staphylococcus aureus ( USCC 1500 ACDP2 )
S. epidermidis (USCC 1511)
Initially, the work was carried out using the Gram positive 
Staphylococcus aureus and the Gram negative Pseudomonas fragi.
2.3. Methods
2.3.1. Bacteria Culturing
2.3.1.1. Maintenance of Bacteria in Gelatine Discs ( Snell, 1984 )
An overnight bacterial culture (0.5 ml ) was added to 3 ml of the 
gelatine suspending medium ( Gelatin powder 10% w/v, meso-inositol 
5% w/v, and nutrient broth powder 2.5% w/v adjusted to pH 7.2 ) 
previously melted and held at 37°C. The gelatine mixture was mixed 
well to disperse the bacteria evenly. Drops of this suspension were 
placed on to the inside base of a plastic Petri dish and carefully 
transferred to a freezer at -20 to -40°C for freezing. Once the droplets 
were frozen the Petri dishes were quickly taken to the freeze-dryer and 
the gelatin discs dried overnight. These were then stored at 4°C in
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screw-capped, glass universals with self-indicating silica gel packed in 
the bottom. Cultures were revived by dissolving one or two gelatin discs 
in warmed ( ca. 30°C ) nutrient broth ( 1 ml ) and streaking out on a 
suitable solid medium to obtain pure colonies.
2.3.1.2. Growth
Bacteria for the experiments were grown by inoculating 50 ml of 
nutrient broth in a 250 ml conical flask with a wire loop from a pure 
colony obtained from the procedure described above. The flask was 
shaken on an orbital shaker at 150 - 200 rpm for 11 - 13 hours at 25°C.
2.3.1.3. Harvest
Cells were harvested by centrifugation at 1,500 x g for 15 minutes at 
room temperature and washed twice with % strength Ringer’s solution.
2.3.2. Colony counts
2.3.2.1. Spread plates
0.1 ml of dilutions of the bacterial culture using ^-strength Ringer’s 
solution were applied on to the centre of a well dried nutrient agar plate 
and spread evenly over the medium using a sterile glass spreader. The 
surface was allowed to dry before incubating the plate in an inverted 
position for 36-48 hrs at 25° C. The number of colony forming units 
were then counted and the total number of bacteria in the original
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solution calculated from the dilutions and the volumes used.
2.3.2.2. Miles and Misra plate counts ( Miles & Misra, 1938 )
The outside base of an agar plate ( well dried ) was marked radially 
into six equal sectors. A dilution ( 200/xl) of the bacterial culture in lA -  
strength Ringer’s solution was applied, using a Gilson pipette, in 10 
approximately equal drops on to one sector of the agar. A duplicate 
200jiri was applied to the opposite sector. The next 1:10 dilution was 
applied to the adjacent sectors and finally the third 1:10 dilution of the 
series was applied to the remaining two sectors as shown in Figure 2.1..
Figure 2.1. Diagram showing the sectors and 
dilutions for the agar plate of the adapted 
Miles and Misera method.
This method allowed for the maximum use of the area available on an 
agar plate. Three replicate plates were prepared and the average
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numbers of colony forming units were used to calculate the original 
concentration of bacteria. The original method of Miles & Misra used 
6 replicate plates containing 6 drops on each plate ( 6 dilutions ) 
resulting in a total of 6 x 20 /xl samples for each dilution. In this method 
each of the 3 dilution has 60 x 20 fA samples.
2.3.3. Protein Assays
2.3.3.1. Folin-Ciocalteau reagent ( Lowry e t a l . , 1956 )
Sufficient reagents for all the determinations were prepared prior to the 
assay as follows:-
( i ) Lowry protein assay reagent ( 3 ml per sample ) by mixing 
9 parts of a stock solution A ( Na2C03 2% w/v, Na-K-tartrate 
0.05% w/v, and NaOH 0.4% w/v ) with 1 part of a stock solution B 
( Cu2S04.5H20  0.1% w/v).
( i i ) Folin-Ciocalteau reagent (0.3 ml per sample ) by diluting 
the commercially supplied stock solution 1:1 with water.
Lowry reagent ( 3 ml ) was added to the sample ( 200 p i ) and 
immediately mixed and then left for 15 minutes at room temperature. 
The Folin-Ciocalteau reagent ( 300 t^l) was then added and thoroughly 
mixed. After standing for 30 minutes at room temperature the mixture 
was mixed by shaking and the absorbance ( at 750 nm ) was recorded 
against a reagent blank. The concentration of protein in the samples was 
then calculated from a calibration curve prepared at the same time using 
a dilution series of bovine serum albumin.
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2.3.3.2. Bicinchoninic acid ( Smith e t a l . , 1985 )
A working solution of the bicinchoninic acid protein assay reagent 
( 3.0 ml ), prepared by adding 50 parts of A to 1 part of B of the 
commercially supplied solutions, was added to the sample ( 100 jul) and 
thoroughly mixed. The mixture was incubated at 60°C for 30 minutes, 
cooled to room temperature and the absorbance at 562 nm recorded. The 
protein concentration of the sample was calculated from a calibration 
curve prepared at the same time using a dilution series of bovine serum 
albumin.
2.3.4. Preparation of stainless steel coupons
2.3.4.1. Washing
The stainless steel coupons ( AISI 304, 5 cm x 2 cm for direct 
epifluorescent microscopy ( DEM ), 1 cm x 1 cm for scanning electron 
microscopy ( SEM ) and 5 cm x 1 cm for ATP ) were cleaned by 
boiling in a 2 % solution of ’MICRO’ detergent ( MICRO Ltd, USA ) 
for Vi hour followed by sonication for 15 minutes in the same solution, 
then rinsing thoroughly with RO water ( minimum of 10 changes of 
rinse water ). The coupons were then sonicated in ethanol for 15 minutes 
and sterilised by flaming. The coupons were rinsed thoroughly with 
sterile RO water immediately prior to use.
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2.3.4.2. Treatment with milk
Stainless steel coupons cleaned as described above were placed into glass 
universal bottles containing UHT skimmed milk. The bottles were then 
rotated ’end-over-end’ at 25 °C for 5 hours. The excess milk was 
removed from the stainless steel coupons by rinsing three times ( as 
determined in Chapter 3.) with 10 ml of sterile RO water.
2.3.4.3. Recycling of stainless steel coupons.
Microscope immersion oil was removed from the used stainless steel 
coupons by washing with xylene. Xylene was removed by washing with 
excess alcohol and the coupons were washed as described in Section
2.3.4.1. and reintroduced into the cycle.
2.3.5. Preparation of stainless steel powder.
2.3.5.1. Washing
AISI type 316 stainless steel powder ( Maximum particle size 45 pm, 
Goodfellow Scientific Materials, Cambridge) was degreased by 
extraction with boiling trichloroethylene in a Soxhlet apparatus for 16 
hours. The stainless steel powder was then shaken in 1 % SDS solution 
for 1 hour, rinsed thoroughly with RO water and air dried after a final 
rinse with acetone.
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2.3.5.2. Treatment with milk
Stainless steel powder ( 10 g ) was added to skimmed UHT milk 
( 15 m l) in a screw capped glass tube and rotated ’end-over-end’ at 
25°C for 5 hours. The excess milk was then decanted off and the 
powder rinsed four times ( see Section 3.3.1.6. ) with RO water ( 15 
ml).
2.3.5.3. Recycling of stainless steel powder
The stainless steel coupons were cleaned by boiling in a 2 % solution of 
’MICRO’ detergent for 1/2 hour followed rinsing thoroughly with RO 
water.
2.3.6. Enumeration of Bacteria
2.3.6.1. Swab and Plate count
The bacteria attached to the surface of the stainless steel coupon 
( 5 cm X 2 cm ) were recovered using three cotton wool swabs. The 
swabs were initially wetted with lA strength Ringer’s solution then the 
first and third swabs were rubbed along the length of the coupon, the 
second at 90°, twenty times ( 10 up and 10 down ). The swabs were 
then flamed just above the cotton bud and the ends broken off into a 
bottle containing 10 ml of lA strength Ringer’s solution. The bottle was 
then vortexed for 30 seconds, sonicated for 1 minute, left to stand for 
5 minutes and finally vortexed for a further 30 seconds before making
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three 1 in 10 dilutions for plating out on nutrient agar. The number of 
colony forming units was counted after an incubation period of 24 to 36 
hours at 25 °C.
2.3.6.2. Scanning Electron Microscopy
The bacteria attached to the stainless steel coupons ( 1 x 1 cm ) were 
fixed by immersion in 3 % glutaraldehyde in sodium cacodylate (0.1 M, 
pH 7.2 - 7.4 ) buffer for 3 hours ( the ratio of liquid to specimen was 
always greater than 10:1 ). The coupons were then washed for ten 
minutes in two changes of sodium cacodylate ( 0.1 M ) buffer and taken 
through an acetone dehydration series; 20 minutes in each of 30%, 50%, 
70%, and 90 % and then in 100 % acetone twice for 10 minutes and 
finally in 100 % acetone ( dried over anhydrous sodium sulphate ) for 
10 minutes immediately prior to critical point drying in a Polaron 3000 
using liquid carbon dioxide. The coupons were then sputter coated with 
gold and examined in a Cambridge 250 scanning electron microscope at 
10 or 20 eV.
2.3.6.3. Epifluorescence Microscopy
The bacteria attached to the stainless steel coupons were stained with 
acridine orange ( 0.0025% w/v ) by immersing the whole coupon for 15 
minutes in 30 ml of the dye solution, then rinsed twice by immersing in 
RO water ( 30 m l) for 5 minutes and air dried before counting under 
an epifluorescence microscope ( Leitz Dialux 20 EB fitted with a 12 
filter block ) using an excitation wavelength of 450 - 490 nm, a 100 X 
objective and non-fluorescent immersion oil. An average count of the
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number of bacteria attached was obtained by counting 12 random fields 
on each of three replicate stainless steel coupons and taking the mean.
2.3.7. Bacterial Attachment Procedure
The concentration of the bacterial suspension was adjusted to yield 
between 1 - 2 x 108 bacteria per ml by optical density readings at 
620 nm ( OD620 nm 0.2 - 0.3 ). Stainless steel coupons ( milk treated 
and clean controls ) were then placed into separate glass universals 
containing the bacterial suspension (20 m l) and incubated at room 
temperature for 6 hours while being rotated ’end-over-end’ at 10 - 20 
rpm in the apparatus shown in Figure 2.2.. The stainless steel coupons 
were then gently rinsed with 2 x 10 ml of the suspension diluent, to 
remove unattached bacteria. The gentle rinse consisted of decanting the 
bacterial suspension, then adding the fresh rinse solution and inverting 
the screw-capped bottle three times and decanting and repeating with the 
next rinse solution. The attached bacteria were then enumerated by the 
methods described in earlier sections.
F ig u re  2.2 B o t t le  tu rn ta b le
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CHAPTER 3.
ANALYSIS OF SURFACE ADSORBED ORGANICS
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3.1. Introduction
Milk was chosen as the source of the organic constituents in this project 
because it is a well-characterised liquid, easy to handle and is readily available. 
The composition of skimmed and whole milk is given in Table 3.1.. Whole 
milk is a heterogeneous system comprising a continuous phase and a dispersed 
phase. The continuous phase ( serum ) is a solution of lactose, whey proteins, 
mineral salts and soluble fats in water. The dispersed phase consist of fat 
globules, casein micelles and lipoprotein particles.
Component Skimmed Milk %  ( w/w ) Whole Milk % ( w/w ) :
Water 90.8 87.3
Carbohydrate 4.8 4.6
Fat 0.1 3.9
Proteins 3.3 3.25
Mineral Salts 0.65 0.65
Organic Acids 0.18 0.18
Miscellaneous 0.12 0.12
Table 3.1. Average composition of bovine milk.
( from Banks & Dalgleish, 1990 and Anon, 1990 )
It is reasonable to assume that if milk comes into contact with a stainless 
steel surface that some of its components will adsorb on to the surface. 
Skimmed milk was used, which in the United Kingdom must have a fat content
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below 0.1 %  ( Anon, 1990 ), therefore the most probable components to adsorb 
on to the surface will be carbohydrates and proteins. Hence this project 
required methods, which had to be; accurate, reliable, simple, and economical, 
for the quantitative determination of carbohydrates and proteins that have 
adsorbed onto stainless steel surface. The effect of the fat present in milk on 
the attachment of bacteria to stainless steel was investigated later in Section
6.4..
3.2. Carbohydrates
The carbohydrate present in milk is lactose ( C12H220 11 ). It is a 
disaccharide made up from one glucose and one galactose. The most common 
and convenient assay for total carbohydrates is based on the Molisch test where 
the carbohydrate material is heated with sulphuric acid to produce furfurals and 
hydroxymethyl furfurals. The furfurals and hydroxymethyl furfurals are treated 
with a reagent ( usually an aromatic amine or phenol) to produce coloured 
compounds that can be measured in a colorimeter or spectrophotometer. The 
Anthrone ( Drey wood, 1946 and Jermyn, 1975 ) and the Phenol-Sulphuric acid 
methods ( Dubois et al., 1956 ) are based on the Molisch test. Sucrose, made 
up from two glucose units, can be used to produce the calibration curve 
because the absorbance of the coloured compounds obtained from glucose and 
galactose are very similar ( Dubois et al. 1956 ).
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3.2.1. Materials and Methods
3.2.1.1. Stainless steel.
AISI type 316 stainless steel coupons ( 5 x 2 cm ) were prepared and 
milk treated as described in Section 2.3.4.. They were then immersed 
in 1 % SDS ( 10 ml ) and rotated "end-over-end" for 18 hours to extract 
any organic material adsorbed onto the surface. The solution was then 
assayed for carbohydrates using the Anthrone and Phenol-sulphuric acid 
methods described below.
3.2.1.2. Anthrone method ( Jermyn, 1975 ).
To the sample ( 1.0 m l) in a 25 ml test tube concentrated hydrochloric 
acid ( 1.0 m l) and 90 %  formic acid ( 0.1 m l) were added followed by 
freshly prepared anthrone solution ( 8.0 m l). The anthrone reagent was 
prepared daily by dissolving anthrone (20 mg ) in 80 % ( v/v ) 
sulphuric acid ( 100 m l). After thoroughly mixing the contents ( 10 s 
on a vortex mixer ) the tube was heated for 12 minutes in a boiling 
water bath and plunged into a cold-water bath for 2 minutes. The optical 
density was recorded at 630 nm against a blank after mixing ( 10 s ) on
a vortex mixer and allowing to stand ( 5 min ) for bubbles to disperse.
. carbohydrate in 
The concentration ol^ the sample was calculated from a calibration curve
prepared at the same time using a dilution series of sucrose.
3.2.1.3. Phenol Sulphuric method
To the sample ( 1.0 ml ) in a 25 ml test tube phenol reagent ( 1 m l) was
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added with mixing on a vortex mixer for 5 seconds. The phenol reagent was
prepared by dissolving phenol (5 .0  g ) in water ( 100 m l). Concentrated
sulphuric acid ( 5.0 m l) was then carefully added with mixing of the contents
to avoid spitting. After standing for 10 minutes the tube was placed in a water
bath at 25 °C for 15 minutes. The optical density was recorded at 488 nm
against a blank after mixing for 10 seconds on a vortex mixer and allowed to
carbohydrate in
stand for 5 minutes for bubbles to disperse. The concentration ofAthe sample 
was calculated from a calibration curve prepared at the same time using a 
dilution series of sucrose.
3.2.2. Results
Both carbohydrate assays produced good calibration curves. Correlation 
values of 0.999 for the Anthrone method ( Figure 3.1. ) and 0.999 for the 
Phenol-sulphuric acid method ( Figure 3.2. ) were obtained. The concentrations 
of carbohydrates extracted from the surface of the stainless steel coupons were 
calculated to be zero from both methods ( limited of detection »  5 mg.m2 ). 
As a result of this, AISI type 316 stainless steel powder ( 10 g ) with maximum 
particle size of 45 p m  was used to increase the available surface area from 20 
cm2 to approximately 1680 cm2 ( see Appendix 1 ) and thereby increase the 
amount of adsorbed carbohydrate and the detection limited ( 60 pg.m2 ). AISI 
304 stainless steel powder was not available commercially.
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[Carbohydrate] (mgl"1)
Figure 3.1. Calibration curve for anthrone method with sucrose
Figure 3.2. Calibration curve for phenol-sulphuric acid method with
sucrose
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Even with the stainless steel powder, the concentration of extracted 
carbohydrates was at the limit of detection of the two assay methods. The 
concentration of carbohydrate adsorbed on to the stainless steel powder was 
calculated as between 0 - 5  jugcm"2. Zobell (1943) reported that carbohydrate 
did not adsorb onto the surface of glass from solution.
3.2.3. Conclusion
It can be concluded from these results that either;
i ) the carbohydrate in milk does not adsorb on to the stainless steel surface in 
appreciable amounts.
or
ii ) the carbohydrate does adsorb on to the stainless steel surface but is removed 
again during the rinsing procedure and therefore does not appear in the results 
of the assays. If the carbohydrate is removed under these conditions then it is 
also likely that, it will be removed when exposed to an aqueous solution of 
bacteria. Therefore the adsorption of carbohydrates to stainless steel is unlikely 
to affect the attachment of bacteria to stainless steel because it is easily 
removed by rinsing. However, if the carbohydrate molecules are not removed 
from the system and remain present when the bacterial suspensions added, then 
the carbohydrate may affect bacterial attachment by interacting with the binding 
sites.
In either case the assay of carbohydrates as described using the anthrone 
or phenol-sulphuric acid methods cannot be used to determine the extent of 
organics adsorbing onto the surface of the stainless steel surface.
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3.3. Proteins
The quantification of proteins adsorbed to surfaces can be accomplished 
directly or indirectly. The direct methods measure the proteins in situ and 
include methods such as ellipsometry, infrared spectroscopy, electron 
spectroscopy, and radio-labelling and are described in the following sections.
Ellipsometry
Ellipsometry is a technique which can be used for the direct monitoring 
of the adsorption of proteins on to a solid surface ( Hegg & Larsson, 
1981 and Ivarsson & Jonsson, 1981 ). It is based on the change in 
polarisation of light upon reflection at an interface. The degree of 
change in the polarisation of the incident light can be related to the 
thickness and refractive index of the adsorbed protein layer. The 
relationship between the two is complicated and computer programs are 
required to calculate results from the experimental data.
Infrared Spectroscopy
Fourier transform infrared spectroscopy combined with attenuated total 
reflectance optics has been described by Fink & Gendreau (1984) as a 
method for the study of proteins adsorbing on to a surface. In this 
method proteins are studied on the surface of a germanium crystal. An 
infrared beam directed into the crystal will be totally internally reflected 
at each opposite face. At each reflection point the electric field of the 
beam will interact with materials at or near the crystal face thus resulting
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in the production of an infrared spectrum of the materials of interest 
( Figure 3.3. ).
P r o t e i n  m o l e c u l e
Figure 3.3. Schematic diagram of attenuated total reflection
spectroscopy.
Electron spectroscopy
Electron spectroscopy for chemical analysis ( ESCA) is a vacuum-based 
surface analytical method. In this method, X-ray photons bombard the 
surface to be studied, and the resulting emitted photoelectrons are energy 
analysed. ESCA is also known as X-ray photoelectron spectroscopy 
( XPS ). The kinetic energy of the emitted electron is given by;
E photoelectron = hv ~ binding energy of electron - $
where hv is the photon energy and $  is a potential energy determined by
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the spectrometer. Thus, in ESC A the binding energy of electrons is 
measured and the type of information that can be obtained includes: the 
elements present, the approximate surface concentrations of elements, 
and the bonding state and / or the oxidation state of the elements.
Radiochemical labelling
Certain residues of proteins to be studied can be labelled with 
radioactive markers. These "marked" proteins can then be applied to the 
surface and the concentration of adsorbed proteins can be accurately 
determined by measuring the radioactivity from a specific masked-off 
area. This method can also be used as an indirect method because the 
"marked" proteins can be removed from the surface and measured in 
solution.
Indirect methods measure adsorbed proteins after they have been 
removed from the surface or by calculating the amount of proteins adsorbed by 
difference, that is, by subtracting the concentration of proteins remaining in 
solution from the initial protein concentration. However, some of the proteins 
may adsorb onto the surface of the container and this must be taken into 
consideration when examining the results. A wide range of methods for the 
determination of proteins in solution is available. Some of the more commonly 
used methods are described in the following sections.
Lowry’s Method
One method used in laboratories for the determination of proteins is that 
described by Lowry et ah, (1956) using copper (I I )  and Folin-
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Ciocalteau’s reagent. The blue colour ( \ max 745 - 750 nm ) that appears 
is due to the reduction of the phosphomolybdate-phosphotungstic acids 
in the Folin reagent by the aromatic amino acids of the proteins. The 
copper is thought to increase the sensitivity of the method by chelating 
to the protein amino acids and facilitating electron transfer to the acid 
chromogens.
Dye Binding
Protein determination using the binding of Coomassie Brilliant Blue G- 
250 to proteins ( Bradford, 1976; Sedmalc & Grossberg, 1977; Van Kley 
& Hale, 1977 ) is based on the observation that this dye exists in two 
different colour forms, brownish-orange and blue, the first being 
converted to the second upon binding of the dye to the protein. An 
alternative, is Bromophenol Blue ( Flores, 1978 ) which is a dye that is 
commonly used to stain protein bands in polyacrylamide gels. Its ability 
to form a protein-dye complex with an absorbance spectrum different 
from that of the dye alone allows it to be also used for the quantitative 
analysis of proteins.
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Bicinchoninic acid
The use of bicinchoninic acid to assay proteins has recently been 
developed by Smith et al., (1985). It utilises the biuret reaction and the 
reaction between bicinchoninic acid with copper ( I ) ions. The biuret 
reaction occurs between copper ( II) ions and the amino acids in 
proteins under alkaline conditions to produce copper ( I ) ions. One 
copper ( I ) ion can then react with two molecules of bicinchoninic acid 
stoichiometrically ( Figure 3.4. ) to produce a stable, highly coloured 
complex ( Amax 562 nm ) that can be quantitatively determined in a 
spectrophotometer.
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Fluorometric assay
The reagents fluorescamine ( Bohlen et al., 1973 ) and eosin ( Peters et 
al., 1976 ) have been used for the fluorometric assay of proteins. Each 
reacts with substances containing amino groups to yield highly 
fluorescent products that can be easily detected in a fluorescence 
spectrophotometer.
Ultraviolet Absorption
The absorption maximum of proteins is at 280 nm and is mainly due to 
the presence of the amino acids tyrosine and tryptophan. Since these two 
amino acids occur in nearly all proteins, the absorption of ultraviolet 
light can be used to estimate the concentration of proteins in a solution. 
However, many other compounds, such as nucleic acids and phenols, 
will also absorb ultraviolet light. This means that the method will be 
susceptible to interference by a wide range of contaminants and should 
only be used on relatively pure solutions.
Total nitrogen assay
An estimation of the protein content of a sample can be made from the 
analysis of total nitrogen. The most commonly used analysis for total 
nitrogen is the Kjeldahl method where the organic nitrogen compounds 
are converted to NH4+ by digestion, and the nitrates and nitrites are 
reduced to NH4+. The NH4+ can then be assayed to give total nitrogen 
content, from which the protein content can be derived via a conversion 
factor ( usually 6.25 ).
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With such a wide range of methods available, it was decided to restrict 
the number of the methods to be examined on the following criteria;
i ) Accuracy, reproducibility and sensitivity.
i i ) Speed and ease of operation.
iii ) Requirement for special equipment.
iv ) Economy.
All of the direct methods described in the above sections require special 
equipment and are relatively difficult to perform, hence, the direct methods 
were discarded. However, XPS was used later to investigate the chemical 
composition of the stainless steel surface with and without the milk proteins 
adsorbed and is described in Section 6.3.. Of the indirect methods the Kjeldahl 
and UV-absorption method failed on accuracy and sensitivity. This left the 
Lowry, dye binding ( Coomassie brilliant Blue G-250 and Bromophenol blue 
), bicinchoninic acid, and fluorimetric methods to be examined. The methods 
were examined for; reproducibility, ease of use and cost, using bovine serum 
albumin solutions.
These methods were also tested for interference from the presence of 
stainless steel powder and 1 % SDS in the sampling solutions. Finally the 
suitability of the assay for casein proteins was tested. Protein rinse profiles and 
protein adsorption profiles were then determined for milk proteins adsorbing 
onto the surface of stainless steel powder.
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3.3.1. Methods
The bicinchoninic acid and the Lowry methods are described in Sections
2.3.3.2. and 2.3.3.1.
3.3.1.1. Bromophenol Blue ( Flores, 1978 )
The 0.0075 %  Bromophenol Blue reagent ( 0.9 m l), made by dissolving 
the dye in 100 ml solution containing 95 %  ethanol ( 15 m l) and glacial 
acetic acid ( 2.5 m l), was added to the sample ( 0.1 m l), mixed and the 
absorbance recorded at 610 nm against a blank. The protein 
concentration of the sample was calculated from a calibration curve 
prepared at the same time using a dilution series of bovine serum 
albumin protein.
3.3.1.2. Coomassie brilliant blue ( Bradford, 1976; Sedmak & 
Grossberg, 1977; Van Kley & Hale, 1977 )
Approximately 0.06 % Coomassie brilliant blue reagent ( 0.5 m l), made 
by dissolving the dye in 2.2 % ( w/v ) hydrochloric acid and filtering off 
any undissolved material, was added to the sample ( 0.5 m l) and mixed 
thoroughly. The absorbance at 620 nm was then recorded against a 
blank. The protein concentration of the sample was calculated from a 
calibration curve prepared at the same time using a dilution series of 
bovine serum albumin.
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3.3.1.3. Eosin ( Peters et al., 1976 )
Eosin reagent was prepared by diluting a 0.07 % ( w/v ) eosin stock 
solution, made by dissolving the dye in a 50 % ethanol/water, 1 part to 
50 parts 0.1 M sodium citrate-citric acid buffer, pH 3.1 before use. 
Eosin reagent (2.0 ml ) was added to the sample (0.25 ml ) and after 
thorough mixing, the fluorescence was measured in a fluorescence 
spectrophotometer. The excitation wavelength was set at 519 nm and the 
emission wavelength was at 540 nm. The protein concentration of the 
sample was calculated from a calibration curve prepared at the same 
time using a dilution series of bovine serum albumin.
3.3.1.4. Comparison of BSA with milk
Freshly-opened skimmed UHT milk was mixed by pouring it gently 
from one vessel to another 10 times to avoid frothing. The milk, protein 
concentration of 34 g.l'1 ( Anon, 1990 ), was then diluted 1:33 with RO 
water to obtain a working solution with a concentration of 1 g.l"1. This 
solution was then further diluted to obtain a series with a range 100 to 
1000 mg.l"1. A similar dilution series was obtained with bovine serum 
albumin. The comparison of the two was made using the Lowry method 
as described in Section 2.3.3.1..
3.3.1.5. Extraction of proteins from stainless steel surface.
1 % SDS (10 m l) was added to the screw-capped glass tube with 
stainless steel powder ( 10 g, treated as described in Section 2.3.7.2. ) 
and rotated end-over-end for 14 - 16 hours at 20 °C.
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3.3.1.6. Rinse Profile
Stainless steel powder ( 10 g ) was added to skimmed UHT milk 
( 15 m l) in 10 screw capped glass tubes and rotated end-over-end at 
25°C for 5 hours. The excess milk was then decanted off and the first 
tube of stainless powder was rinsed once with RO water ( 15 m l). The 
second tube was rinsed twice with RO water, the third three times and 
so on until the tenth with ten rinses. The protein adsorbed on the surface 
of the stainless steel powder in each tube was then individually extracted 
and assayed using the Lowry method as described in the above sections. 
The experiment was performed in triplicate.
3.3.1.7. Adhesion Profile
Stainless steel powder ( 10 g ) was added to skimmed UHT milk 
( 15 m l) in 5 screw capped glass tubes and rotated end-over-end at 
25°C . At 30 minute intervals one of the tubes was removed from the 
rotator and the milk decanted. After rinsing the stainless steel powder 
four times with RO water (15 m l) the protein was extracted and 
assayed using the Lowry method as described in the above sections. The 
experiment was performed in triplicate.
3.3.2. Results and discussion
The BSA solutions used as standards to produce the calibration curve for 
the protein assays were checked by measurement of their UV absorbance at 
280 nm. The graph of absorbance against concentration showed a correlation
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value of 0.999. and is shown in Figure 3.5.
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Figure 3.5. UV absorbance plot of BSA standard solutions.
The calibration curves from the bicinchoninic acid, Lowry, Bromophenol 
Blue, Coomassie Brilliant blue, and eosin protein assay methods are shown in 
Figure 3.6. to Figure 3.10. Apart from the Bromophenol Blue, all the methods 
gave linear calibration curves with correlation values above 0.990. As a result 
of this, the Bromophenol Blue method was discarded.
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Figure 3.6. Calibration curve for the Bicinchoninic acid method using
BSA standards.
Figure 3.7. Calibration curve for the Lowry method using BSA
standards.
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Figure 3.8. Calibration curve for the Bromophenol Blue method using
BSA standards.
Figure 3.9. Calibration curve for the Coomassie Brilliant blue method
using BSA standards.
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Figure 3.10. Calibration curve for the eosin method using BSA
standards.
Of the remaining four methods, the eosin method was also discarded 
because it was found to be awkward to use, in that, residual dye proved 
difficult to wash from the cuvettes. This could have led to false readings if the 
cuvettes were to be reused.
The Coomassie Brilliant blue method was discarded ultimately because 
Bensadoun & Weinstein (1976) reported that it was influenced by the presence 
of a variety of interfering substances including SDS.
The Bicinchoninic acid method was discarded on the ground that it was 
more than four times as expensive as the Lowry method.
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Stainless steel powder present in the final sampling solution was found 
to increase the absorbance in the Lowry method as shown in Figure 3.11. This 
was presumed to be due to the scattering of the light rays by the fine stainless 
steel powder. The standard Lowry method was modified to incorporate a period 
of 15 minutes to allow the fine powder to settle prior to taking the absorbance 
readings. This was done by shaking the final mixture 15 minutes into the final 
30 minutes standing period rather than at the end. This modification had no 
adverse effect on the assay as shown in Figure 3.12.
+ Control o S teel Pow der
R=0.997 R=0.995
Protein concentration  (mgl-1)
Figure 3.11. Effect of stainless steel powder on protein assay.
Figure 3.13. shows the calibration curve for the Lowry method over a 
wider protein concentration range ( 0 - 1000 mg.l"1 ). The presence of 1 % 
SDS in the sampling solution had no significant effect on the assay method, as
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Figure 3.12. Modified Lowry method to eliminate effect of stainless 
steel powder on protein assay.
Figure 3.13. Calibration curve for the Lowry method using BSA
standard.
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Figure 3.14. Effects of 1 % SDS on protein assay.
shown in Figure 3.14.. The use of BSA for preparing the calibration curves 
was compared with dilutions of milk.
Figure 3.15 shows that the graph obtained for both the BSA and the milk 
are almost identical. BSA was used to make up the standard dilution series 
since it dissolved better than the dried milk proteins and was more accurate 
than diluting whole milk which only had a batch protein analysis.
The rinse profile ( Figure 3.16. ) shows that the majority of the non­
adsorbed milk proteins are rinsed away from the stainless steel powder during 
the first four rinses. The second rinse resulted in a reduction of protein 
concentration of 1.11 mg.m"2, the third rinse a reduction of 0.56 mg.m'2, the 
fourth rinse a reduction of 0.22 mg.m"2 and the fifth rinse gave only a 
reduction of 0.04 mg.m-2. Since the change in the protein concentration 
between the fourth and fifth rinse was so small it was decided to take four as
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Figure 3.15. Comparison between BSA and milk.
Figure 3.16. Rinse profile of milk adsorbed onto stainless steel
powder.
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the number of rinses to use in the experiments. Further rinses were probably 
starting to remove the surface adsorbed proteins rather than non-adsorbed 
proteins.
Figure 3.17. Adhesion profile of skimmed UHT milk onto stainless
steel powder.
The adhesion profile ( Figure 3.17. ) shows that milk proteins adsorbed 
rapidly to stainless steel surfaces; the majority (2.7 mg.m’2 ) adsorbed in the 
first thirty minutes, thereafter the level of proteins only changed by small 
amounts. The level of proteins adsorbed on to the surface was found to be 
between 2.7 and 3.4 mg.m’2. This is lower than that recorded by Nisbet & 
Langdon (1977) who found that skimmed milk proteins adsorbing onto AISI 
304 stainless steel became saturated at 8 mg.nT2 within 1 minute using 
radioactive tracer technique with 131I and 125I.
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The discrepancy between this result and those in the literature could be 
the result of several factors;
1 ) Different methods for protein assay were used.
2) The stainless steel used^Nisbet & Langdon was type AISI 304 polished with 
silicon carbide Grade 400 followed by tin oxide, whereas in this experiment the 
stainless steel was type AISI 316 powder. This means that the surface of the 
two stainless steels may be different and therefore cannot be compared.
3 ) A different washing procedure was employed. Since Nisbet & Langdon only 
rinsed the surface with distilled water for 20 seconds this is the most likely 
reason for the large difference between the two results. In this experiment the 
steel were rinsed in four separate solutions with agitation.
4 ) Nisbet & Langdon carried out the absorption at 35 °C which was more than 
10°C higher than in this experiment. The higher temperature may increase the 
amount of protein adsorbed.
5 ) The radioactive iodine because it becomes involved in the adhesion process.
3.3.3. Conclusion
The Lowry method was selected as the method to determine the 
concentration of proteins adsorbed onto the surface of stainless steel because it 
proved to be accurate and reliable under the conditions used. It is also simple 
to perform and economical to use.
4. Enumeration of Bacteria
CHAPTER 4.
ENUMERATION OF BACTERIA ON SURFACES
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4. Enumeration of Bacteria
4.1. Introduction and literature review
The object of this chapter is to consider methods available for the 
enumeration of bacteria on surfaces and to determine the most suitable for 
subsequent experiments. This subject has been reviewed by Angelotti et al., 1958; 
Favero et al., 1968; Patterson, 1971; Winter et al., 1971; Baldock, 1974; and 
Wardell, 1988.
4.1.1. Dilution and plating
A simple and widely used method for the assessment of bacterial numbers 
on a solid surface is the swabbing technique. It employs the use of a cotton 
swab which is moistened and applied over the surface. The bacteria 
recovered by the cotton swab are then resuspended in diluent, serially 
diluted and plated out on a solid medium for enumeration. Underestimations 
of the number of bacteria may occur due to their being retained on either 
the surface itself or on the swab and not released into the suspending 
solution or failure to grow on the solid medium. Sonication and / or the use 
of alginate swabs, which are soluble in Calgon, ( Scott et al., 1984 ) may 
improve the percentage recovery. However, some bacteria are inhibited by 
the Calgon . Speers et al. (1984) describe a squeegee rinse procedure as an 
alternative to swabbing.
Contact plating of a surface onto solidified media is a quick and simple 
method. Scott et al. (1984) showed that at lower contamination levels ( < 
100 organisms per 21 cm2 ) the method is comparable with the swab rinse 
method. The main drawback of this method is that it is unable to distinguish
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between single cells and clumps of cells on the surface. This would lead to 
an underestimation of the attached population. Underestimation, which 
would occur if full contact between the surface and the solidified media is 
not made or if bacteria do not detach from the surface, can be avoided by 
applying the media in its molten state and allowing it to solidify in situ 
thereby ensuring full contact. This, however, may result in injury or death 
in heat-sensitive bacteria.
4.1.2. Microscopy
The direct counting of bacteria on a surface is more reliable than the 
cultural methods which require a recovery stage. Its usefulness is restricted 
however, by the nature of the technique, ie, the direct observation of the 
surface through a microscope. This means that either the sample surface 
must be very small or that only a small section of the sample surface is 
taken and examined. Also epi-illumination is essential and therefore a 
fluorescent stain or auto-fluorescence must be used. Masurovsky and Jordan 
(1958) described a plastic replica-embedding technique for direct counting 
of a surface. The technique consists essentially of embedding the surface 
adhered bacteria in a plastic matrix, removing the hardened plastic layer 
before mounting on a standard glass microscope slide, staining the 
embedded bacteria and counting with a conventional transmitted light 
microscope.
However, in all cases the area covered in a single field is very small 
compared with the surface as a whole. If statistically valid results are to be 
obtained, a large number of representative fields must be examined. Over­
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estimation of the numbers of bacteria can be avoided by ensuring that 
appropriate precautions are taken to remove unattached bacteria from the 
surface before the fixation stage.
4.1.2.1. Light Microscopy
The basic procedure is to rinse off loosely bound bacteria, heat or 
chemically fix the remaining bacteria to the surface, stain with crystal violet 
or earbol fuchsin and examine under a microscope. The method is rapid and 
simple and has been used by many authors including Fletcher (1976), Rutter 
& Abbott (1978) and Van Loosdrecht et al. (1987) to enumerate bacteria on 
surfaces. The drawbacks of this method are that it can only be used if the 
surface to be examined is transparent and that the counting of the bacteria 
can be time-consuming and prone to human error. The use of computer 
image analysis as described by Lawrence et al. (1989) and Korber et al. 
(1989) has speeded up the counting stage of this technique, thus making it 
easier to obtain a larger number of counts hence minimising the error 
factor.
4.1.2.2. Epifluorescent Microscopy ( Pettipher, 1989 ).
Holah et al. (1988), described two rapid methods for the enumeration of 
bacteria attached to surfaces; the Direct Epifluorescent Microscopy ( DEM ) 
and the Direct Epifluorescent Filter Technique ( DEFT ). In DEM, the 
bacteria on the surface are simply fixed, stained with acridine orange and 
viewed under an epifluorescence microscope. DEFT is a rapid method 
based on the swab-rinse technique where the bacteria, recovered from the
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surface by swabbing, are first concentrated on a 0.6 p m  membrane filter 
then stained with acridine orange and finally enumerated under an 
epifluorescence microscope.
The mean excitation wavelength of acridine orange is 470 nm and the 
monomer fluoresces yellow-green (525 nm) whereas the polymer fluoresces 
orange-red (650 nm). Acridine orange can bind to acidic polynucleotides in 
two different ways as shown in Figure 4.1..
D N A R N A
f  A c id  nuc leo tide  Q ?  A c r id in e  orange
Figure 4.1. Schematic diagram showing the binding of acridine orange to 
the acid nucleotide of DNA and RNA (from Pettipher, 1989).
a) Inter-calation of the dye within the double helical structure of 
deoxyribonucleic acid (DNA) at about every third base pair. The distance
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between neighbouring dye molecules is too great to allow dye-dye 
interactions hence orthochromatic (yellow-green) fluorescence occurs.
b) Electrostatic or polar-type binding between the basic dye and the acidic 
phosphate groups of ribonucleic acid (RNA). Dye molecules bound to 
adjacent acidic groups of RNA are close enough to for dye-dye interactions 
to occur. This leads to polymerisation and hence metachromatic (orange- 
red) fluorescence occurs.
The type of fluorescence has been claimed to allow the differentiation of 
viable from non-viable bacteria. Viable cells which have a higher RNA 
content fluoresce orange-red and non-viable cells, in which the RNA has 
been degraded, fluoresce yellow-green because only DNA is present. The 
situation is however considerably more complex than this simple overview. 
For instance, dead cells in pasteurised products may fluoresce orange-red 
instead of yellow-green as a result of the heat treatment which weakens the 
rigid structure of the DNA allowing the double helix to twist and stretch, 
thus allowing the acridine molecules to be inter-calated with each other 
( Pettipher, 1989 ). The judgement as to the viability of bacteria from the 
colour of fluorescence should be made with caution.
4.1.2.3. Scanning Electron Microscopy
Scanning electron microscopy ( SEM ) has been used to study the adhesion 
of bacteria to food processing surfaces ( Zoltai et al., 1981; Schwach & 
Zottola, 1982; Zottola, 1983; Speers et al., 1984; Stone & Zottola, 1985; 
Hood & Zottola, 1987; Lewis et al, 1987; Herald & Zottola, 1988; and 
Johal, 1988 ). The general procedure for sample preparation for SEM is to
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rinse off loosely bound bacteria, fix the attached bacteria with 
glutaraldehyde, dehydrate with acetone, critical point dry using liquid 
carbon dioxide, and finally coat with gold. The biggest advantage of SEM 
is high resolution at high magnifications coupled with the production of a 
life-like topographic view of the bacteria attached to the surface. The 
disadvantages of this method are high operating cost and possible changes 
in the morphology, such as shrinkage of the bacteria cell and occurrence of 
drying artifacts ( Fraser & Gilmour, 1986 ).
4.1.3. Spectrophotometry
The number of bacteria on a transparent material can be determined from 
measuring the optical density after staining with a suitable dye. The optical 
density can be converted to bacterial counts from a calibration curve of 
optical density against surface population determined by direct counts. When 
crystal violet is used ( Fletcher & Marshall, 1982; Pringle & Fletcher, 
1983; and McEldowney & Fletcher, 1988a ) the optical density must be 
determined at 590 nm, the absorption maximum for the dye. If gentian 
violet is used then the optical density at 610 nm must be determined. The 
major drawback of this method is that it will only work on transparent 
surfaces.
4.1.4. Radiolabelling Techniques
The isotopes 3H, 14C, 32P, 35S, 125I and 13ll can be used in radiolabelling 
techniques. Labelled compounds, such as amino acids, can be purchased 
commercially and incorporated into the bacteria via the growth media. After 
attachment to a substratum the bacteria can be enumerated by scintillation
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counting of the radiation from the radioisotopes in the bacteria. The choice 
of labelled compound is dependent on several factors, including the nutrient 
requirement of the bacteria and the radio-active properties of the isotope. 
The amount of labelled compound incorporated into the bacteria must be 
standardised. [3H]-Palmitic acid and L-[35S]-methionine have been used by 
Feldner et al. (1983) to study the attachment of Mycoplasma pneumoniae 
to glass and Hsieh and Merry (1986) used [methyl-3H]-thymidine to study 
Staphylococcus aureus and Escherichia coli attaching to fabrics. The 
drawback of this method is the possibility of interactions between the 
surface and the label itself.
4.1.5. Biochemical assays
The determination of key components in bacteria by chemical and 
biochemical tests has been applied to the estimation of bacterial count via 
biomass. Dexter et al. (1975) used Limulus amoebocyte lysate to determine 
lipopolysaccharide from Gram-negative bacteria and Moriarty (1977) used 
a D-lactate assay to determine the quantity of muramic acid from bacterial 
cell walls.
Adenosine - 5'- Triphosphate ( ATP) is exclusively found in living material 
and the concentration per cell is almost constant within any one group of 
organisms ( Lundin, 1982 ). Amounts of ATP can be determined by its 
reaction with luciferin, which is catalysed by firefly ( Photinus pyralis ) 
luciferase ( McElroy,a,'1969 and Deluca, 1976 ). The quantity of light 
produced by the reaction is proportional to the initial concentration of ATP 
as shown in the equations below;
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M g 2 +
E + LH2 + ATP &  E*LH2-AMP + PP 
E-LH2-AMP + 0 2 ^  E + L + AMP + C02 + hv
where:
E = Firefly luciferase LH2 — Reduced luciferin
E*LH2-AMP — Luciferyl adenylate complex 
PP = Pyrophosphate L = Oxidised Luciferin
The optimum conditions for the reaction are a pH of 7.75 and a temperature 
of 25° C. The presence of Mg2+ is also required because in the luciferase 
reaction it actually binds to ATP to form the substrate Mg ATP. Heavy 
metal ions such as mercury, cadmium and zinc react with the sulphydryl 
groups of luciferase and inactivate the enzyme.
The determination of the ATP content of bacteria requires its preliminary 
extraction using a suitable extractant followed by the addition of the 
luciferin/luciferase mixture and the measurement of the light output by a 
photometer. The enumeration of bacteria can be determined by measuring 
the total amount of ATP present in the sample and then dividing by the 
average amount of ATP in a single bacterial cell to obtain the total number 
of bacteria present. Non-bacterial ATP must first be removed from the 
system before the of ATP extraction from bacteria can be carried out. This 
or similar methods have been used by several authors ( Baumgart et al., 
1980; Stanley, 1983; Harber et al, 1983; Ludwicka et al., 1984 and 1985; 
Humphries et al, 1986; Johal, 1988; Blackburn et al., 1989; and Mafu et 
al., 1991 ) to enumerate bacteria on surfaces.
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Each of the methods described above have their own potential merits and 
drawbacks :-
The swabbing methods are prone to under-estimation as a result of 
incomplete recovery from the surface. It does have the advantage that it can be 
applied to fixed surfaces which cannot be placed under a microscope. When 
swabbing is coupled with DEFT or with the measurement of bacterial ATP the 
resulting method becomes a rapid one.
The direct counting methods using microscopy are the methods of choice 
because they are able to yield the actual numbers of bacteria on surfaces. 
However, these methods suffer from an error arising from the fact that the fields 
of view of the microscopes are small. This results in the counting of bacteria from 
only a small fraction of the whole area of interest and unless the bacteria are 
evenly distributed throughout the area then the final count is prone to errors. Even 
with accurate counts the method can only yield the number of cells present, the 
viability of the cells is not known.
The remedy is to take large numbers of counts, to balance out any uneven 
distribution. An increase in the number of fields to be counted will demand an 
increase in the period of time required to count the bacteria and to process the data 
afterwards. This will also increase the strain put onto the operators’ concentration 
resulting in the possibility of errors arising, especially where numbers of large 
counts are encountered. This may be overcome by the use of expensive computer 
image analysis equipment to perform the counting. However, the bacteria that are 
directly counted may not be viable and may therefore lead to errors.
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Spectrophotometric methods are simple and quick but were not appropriate 
to this study because stainless steel is not transparent.
Since the enumeration of bacteria attaching to a surface by the ATP method 
offers the advantage of being both rapid and simple to perform, it was decided to 
examine this method in more detail. The accuracy of the ATP method is dependent 
on two factors: a ) that the extraction of all of the ATP from all the bacteria 
present, and b ) that the levels of ATP in the bacteria examined are reasonably 
constant.
The level of ATP per bacterial cell has been found to vary considerably with 
species and suspending medium, it can range from 30 fg per cell ( 1 fg = 1 
femtogram = 1 xl0~15g ) for Pseudomonas to 63 fg per cell for Staphylococcus 
( Johal, 1988 ), however, Lundin (1982) gives the ATP level for Staphylococcus 
aureus as 1.3 fg per cell. Thore et al. (1975) gives the ATP of S. aureus as 1.15 
fg per cell but this decreases to 0.55 fg per cell after treatment with Triton/apyrase 
and Sharpe et al. (1970) gives a range of values for the ATP of S. aureus of 
between 0.25 - 3.21 fg per cell.
Reasons why these literature values vary so much may be due to:
a ) Non-standardized ATP assay. Different workers using different experimental 
protocols will give different results. The earlier luminometers were less sensitive 
than the current ones. The ratio of luciferase / luciferin to ATP is also important 
as a high ratio gives a sudden burst of light whereas a low ratio will give a lower 
constant output. The ionic concentration of the mixture will affect the light output 
due to the quenching of the photons. The higher the concentration the more the 
quenching.
4. Enumeration of Bacteria
b ) Factors which affect the ATP levels in bacterial cells immediately before or
during ATP measurement. These include: i) Age of cell. The ATP level of bacteria
varies with the age of the culture; ii) Stage of growth. The ATP level is dependent
on the stage of the growth cycle. During the exponential growth phase, the
metabolism is at it highest resulting in a high turn-over of ATP. The levels of ATP
then decrease to a nominal level as the organisms reach the stationary phase and
at the onset of the death phase the ATP levels begin to decrease again; iii) Change
in nutrient(s) or their concentration(s). Changes in the type of nutrient will 
ri
temporally alter the growth cycle as the organism adapts to the new source of 
nutrients. The ATP level will decrease as the nutrient level decreases because of 
the decrease in the metabolic rate; iv) Stress and oxygen tension. Any stress or 
decrease in the oxygen tension, for example as a result of filtration or centrifugal 
force, will decrease the ATP level; v) Temperature. The temperature will affect 
the metabolic rate of the bacteria and the rate at which the luciferase/luciferin 
reaction will occur.
c ) Problems with viable counting of the bacteria. A clumping bacterial culture 
would give a lower number of cfu/ml than a non-clumping culture even though 
they contain the same amount of biomass.
d ) Contamination by non-bacterial ATP. A major limitation of the ATP technique 
is how effective are techniques for removal of non-bacterial ATP. Apyrase is 
commonly used to destroy non-bacterial ATP prior to the extraction of the bacterial 
cells. All of the solutions and surfaces in contact with the solutions, such as lips 
of reagent bottles, cuvettes, and pipette pips, must be kept free of ATP and 
therefore special cleaning and handling procedures must be adopted.
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e ) Incomplete extraction of bacterial ATP will result in lower ATP-levels. The 
apyrase used to destroy non-bacterial ATP may be carried over and may degrade 
some of extracted bacterial ATP also resulting in lower ATP-levels.
4.2. Factors affecting accuracy of the ATP method
The following sections describe an examination of factors affecting the 
accuracy of ATP bioluminescence and an evaluation of its use to enumerate 
bacteria attaching to stainless steel surfaces.
4.2.1. ATP extractants.
The extraction of the ATP from the bacterial cell is a critical stage in this 
method, therefore, an examination of the extractants was merited. A commercial 
extractant, Lumit NRB, available as part of an ATP assay kit from Sonco ( 
Wakefield, UK ), was compared with four non commercial extractants; 0.1 % 
benzethonium chloride (BEC), 0.1 %  dodecyltrimethyl ammonium bromide 
(DTAB), 0.3 % Hibitane, and 2 %  trichloroacetic acid (TCA).
4.2.1.1. Method
Extractant ( 100 pl ) made up in a modified HEPES buffer consisting of: 
HEPES 25 mM, MgS04 7.5 mM, and EDTA 1 mM adjusted to pH 7.75 
was added to a Lumacuvette containing a bacterial suspension ( 100 pl, ca. 
3 x 107 cfu/ml ) with shaking and left for 1 minute, 1 % (w/v) TWEEN 80 
( 100 pl) was then added to neutralise the extractant. Lumit-PM (Sonco,
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Wakefield, UK.), a mixture of luciferin and luciferase, ( 100 (A ) was then 
added and mixed just before talcing the reading of the luminescence in a 
Lumac Biocounter model 2500.
4.2.1.2. Results
The effectiveness of benzethonium chloride in extracting ATP from 
S. aureus is shown in Table 4.1. to be very similar to that of the commercial 
extractant Lumit NRB. The other three extractants examined, DTAB, Hibitane and 
TCA, were much less effective in extracting ATP from S. aureus. DTAB was only 
17.8 % as effective as Lumit NRB. Hibitane and TCA were less than 3 % as 
effective. This test showed that BEC was just as effective at extracting ATP from 
S. aureus and since BEC was considerably cheaper than Lumit NRB, because it 
was not a trade marked product, it was decided that BEC was to be used as the 
ATP extractant in the following experiments.
EXTRACTANT RLU + ( SD ) %  of Lumit NRB
Lumit NRB 188,988 ± 9845 100
BEC 193,509 ± 7940 102.4
DTAB 33,594 ± 4026 17.8
Hibitane 2,639 ± 372 1.4
TCA 4,022 ± 560 2.1
Table 4.1. Luminescence obtained from 3.2 xlO7 S. aureus cells using different 
ATP extractants. Values represent the average of three readings.
( RLU = Relative Light Units )
4. Enumeration of Bacteria
4.2.2. ATP content of Staphylococcus aureus.
The literature value given for the amount of ATP in S. aureus varies 
considerably from 0.25 fg per cell by Sharpe et al. ( 1970 ) to 63 fg per cell by 
Johal ( 1988 ). Since these values are so different, and the level of ATP in bacteria 
varies with the growth phase and time ( Stanley, 1989 ), the ATP level of S. 
aureus was determined.
First the growth curve for S. aureus grown in nutrient broth at 25° C was 
determined. Then the level of ATP in S. aureus over the growth period was 
observed.
Methods
4.2.2.1. Growth Curve
Nutrient broth ( 50 ml ) in a 250 ml conical flask was inoculated with a 
wire loop from a pure colony obtained from the procedure described in 
Section 2.3.1.1. The flask was then incubated at 25 °C on an orbital shaker 
rotating at 150 - 200 rpm. At one hour intervals 1.0 ml of the growth 
mixture was aseptically removed from the flask and its absorbance ( at 
600 nm ) was recorded against a sterile nutrient broth solution. This 
experiment was performed in triplicate.
4.2.2.2. ATP levels in S. aureus during Growth
At one hour intervals, 1.1 ml volume of the growth mixture ( Section 
4.2.2.1 ) were aseptically removed from the flask. The number of bacteria
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present was then determined by the Miles and Misra method ( as described 
in Section 2.3.2.2. ) on 1.0 ml of the sample. The remaining 0.1 ml was 
cooled immediately and stored at -70 °C until all the ATP determinations 
could be performed at the same time. Samples were defrosted in a water 
bath at 25 °C. BEC extractant ( 100 pl), made up as in Section 4.2.1., was 
added to a Lumacuvette containing the sample ( 100 ^1) with shaking and 
left for 1 minute. Tween 80 ( 100 pl, 1 % w/v ) was then to neutralise the 
extractant and Lumit-PM ( 100 pl) added and mixed just before taking the 
reading of the luminescence in a Lumac Biocounter model 2500. Once the 
initial level of luminescence was recorded, an ATP solution (10 pl, 
6 xl0"5g.l_1 ) was added as an internal standard and the level of 
luminescence remeasured. This experiment was performed in triplicate.
4.2.2.3. Results
The growth profile for S. aureus in nutrient broth at 25 °C is shown in 
Figure 4.2. The profile starts with a 4 hour lag phase which changes to the growth 
phase over the next 4 hours. The exponential growth phase was between 8 hours 
and 13 hours and the stationary phase was reached after 14 hours. This growth 
profile was used to set the growth conditions for culturing S. aureus for the 
subsequent attachment experiments. The conditions were taken to be between 
11-13 hours at 25 °C in nutrient broth in a 250 ml conical flask shaken at 
150 - 200 rpm. The apparent lag phase of 4 hours probably includes a period of 
exponential growth since turbidity measurements have a detection limit around 
106 cfu/ml.
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Figure 4.2. Growth curve for S. aureus grown at 25° C in nutrient broth 
as determined by optical density readings at 600 nm. The points represent 
the average of triplicate samples.
The ATP levels in S. aureus over the growth period is shown in Figure 4.3. 
The initial level of ATP was about 1 - 2 fg ATP per cfu. This level increased 
rapidly and reached a peak at about 30 fg per cfu just after 1 hour. Thereafter the 
ATP level dropped and levelled out at about 3 - 4 fg ATP per cfu after 8 hours. 
The ATP level in S. aureus was also examined after the bacteria had been 
centrifuged and suspended in lA strength Ringer’s solution and after the bacteria 
had adhered to a surface. This was because these conditions, which may affect the 
ATP levels, were encountered by the bacteria during the adhesion procedures. It 
is also probable that the literature values for the ATP levels were determined with 
the bacteria suspended in a nutrient rich medium, hence, it would be unwise to use 
these in experiments to enumerate bacteria adhered to surfaces. A value for the 
ATP level in S. aureus adhered to stainless steel must therefore be determined.
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Figure 4.3. ATP level of Staphylococcus aureus during growth in nutrient
broth at 25°C.
4.2.2.4. ATP levels after centrifugation and standing in 14 strength Ringer’s 
solution.
Cells from an overnight S. aureus culture set up as described in Section
2.3.1.2. were harvested by centrifugation at 1,500 x g for 15 minutes at 
room temperature. Cells were washed twice and suspended in !4 strength 
Ringer’s solution. The bacterial suspension was then rotated ’end-over-end’ 
at 10 - 20 rpm at room temperature. After 1,2,3 and 22 hours 1.1 ml 
volume were aseptically removed and worked-up as in the Section 4.2.2.2. 
to determine ATP content and the number of S. aureus present in each 
sample. This experiment was performed in triplicate.
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4.2.2.5. ATP levels of surface attached S. aureus.
A stainless steel coupon, cleaned and treated with bacteria as described in 
Sections 2.3.6.1. and 2.3.8., was placed into the extractant (5  ml, 
benzethonium chloride 0.1 %w/v in a modified HEPES buffer in a sterile 
screw-capped polystyrene tube and agitated for 2 minutes. The extractant 
solution (50 fA) was then transferred to a Lumacuvette, Tween 80 ( 50 jul, 
1 % w/v ) was then added to neutralise the extractant and Lumit-PM 
(50 (A) was added and mixed just before taking the reading of the 
luminescence in a Lumac Biocounter 2500. Once the initial level of 
luminescence was recorded, an ATP solution (10 c^l, 6 xl0'5g.l_1) was 
added as an internal standard and the level of luminescence remeasured. A 
clean stainless steel coupon that had not been treated with bacteria was used 
as a control to obtain a value for the background ATP.
4.2.2.6. Results
The ATP level of S. aureus decreased considerably on standing in % 
strength Ringer’s solution after centrifugation. The levels, as shown in Figure 4.4., 
fell from about 2 fg per cfu to below 0.5 fg per cfu after a couple of hours and 
below 0.1 fg per cfu after 22 hours.
The level of ATP of S. aureus attached to the surface of stainless steel ( Table
4.4.) was calculated using the values for the number of bacteria on the stainless 
steel coupons in Table 4.3. and the output of light in Table 4.2, in the following 
equation;
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Level of A T P  = 1 X 0  : a : d  (11)
n . s
where:
RLU = light output
a = Amount of ATP per RLU = ( 5.50 xlO"10 / 7803 ) = 7.051 x lO '14g 
d = dilution factor = 50
n = number of bacteria per mm2 ( See table 4.3. ) 
s = surface area factor = 1000
Time (hours)
Figure 4.4. ATP level of Staphylococcus aureus standing in 
lA strength Ringer’s solution.
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Sample RLU’s ( ± SD )
Blank control ( background ) 145 ± 12
Stainless steel + Bacteria 11340 ± 1045
1 pmol ATP 7803 ± 962
Table 4.2. Light output from treated stainless steel coupons obtained with 
luciferin-luciferase reaction. Values shown are the average light output 
obtained, using 50 /xl of Lumit-PM per sample, from 9 readings( 3 samples 
from each of the triplicate coupons ) ± standard deviation.
The numbers of bacteria on stainless steel coupons ( Table 4.3. ) treated in 
the same way as described in the above sections were determined by scanning 
electron microscopy and direct epifluorescence microscopy (see Sections 2.3.5.2. 
and 2.3.5.3. for details of the methods ).
Sample SEM DEM
Blank control ( background ) < 2.4 xlO3 < 61
Stainless steel + Bacteria 2.1 xlO5 ± 3.7 xlO4 7.6 xlO4 ± 8.9 xlO3
Table 4.3. Number of bacteria on stainless steel coupons 
as determined by SEM and DEM 
( Number of S. aureus per mm2 ± standard deviation )
The values for the blank control ( in Table 4.3. ) represent the detection 
limit for the two counting methods, that is one bacterium in a field of view. For
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SEM the area of one field was 420 p m 2 and for DEM the area of one field was 
1.64 x 104 p m 2.
Counting Method
SEM DEM
1.9 xl0'16g ( ± 0.5 ) 5.3 xlO'16 g ( ± 1.0)
Table 4.4. ATP levels of S. aureus adhered to clean stainless steel.
(g. per cell)
4.3. Discussion and conclusion
This study was carried out to determine the suitability of ATP determination 
as a routine method for the enumeration of bacteria adhered to surfaces. The 
extraction of ATP from the bacteria appeared satisfactory with BEC or Lumit-PM 
as the extractant; as expected, the levels of ATP in the bacteria were found to be 
variable and dependent on several factors.
Minor problems with the Lumit-PM reagent ( Luciferin - Luciferase 
mixture ) were encountered. Activity of the reagent decreased with age and 
different batches had different activities. These problems were known and were 
resolved by incorporating an internal standard into the procedure.
The initial increase in the ATP level seen in Figure 4.3. may be due the 
accumulation of intracellular ATP as a result of an increase in the metabolic rate 
of the organisms as they were acclimatising to being introduced from nutrient 
deficient lA strength Ringer’s solution into nutrient broth which is an environment 
rich in nutrients. Once the organisms have acclimatised to the new conditions the
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ATP level appears to stabilise during exponential growth and averaged out at about 
3 fg to 4 fg. This level was taken as being the average ATP level of the S. aureus 
under normal unstressed growth conditions. Within 1 hour after centrifugation and 
transfer to XA strength Ringer’s solution the ATP level in the S. aureus was shown, 
in Figure 4.4., to decrease to below 0.5 fg. This drop in the ATP level may be the 
direct result of the stress applied to the organisms from the centrifugal forces 
during spinning down and to the shock of the lack of nutrients in lA strength 
Ringer’s solution. The ATP level remained low and fell to below 0.1 fg after 22 
hours of standing in lA strength Ringer’s solution.
The level of ATP in S. aureus cells adhered to stainless steel was found to 
be comparable in magnitude to that of S. aureus standing in lA strength Ringers 
for a similar period of time. However the ATP level of adhered S. aureus could 
only be expressed as a range between 0.14 fg to 0.63 fg because the two methods 
used to determine the number of organisms on the stainless steel gave different 
results. Enumeration of bacteria with the ATP method would require a single value 
for the ATP level and not a wide range of values as obtained here.
It was also noted, while counting the bacteria with epifluorescence 
microscopy, that the fluorescence from the S. aureus was not of one single colour, 
some were orange, some were green and some were yellow-orange. This indicated 
that the S. aureus were not all in the same physiological state ( see Section
4.1.2.2.). The orange-red fluorescence implies that the bacteria had RNA present 
and were still viable whereas the yellow-green fluorescence implies no RNA 
present and therefore non-viable. The yellow-orange fluorescence is a combination 
of red and green fluorescence and indicates a decline in the level of RNA and 
hence the decline of viability of the bacteria. This means that the level of ATP in 
the S. aureus adhered to the stainless seel must vary because of the different states.
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The value for the ATP level of S. aureus obtained in the above section must 
therefore depend on the proportion of organisms in each of the different states 
present.
The ATP bioluminescence method was rejectebecause of the low level of 
ATP in Staphylococcus aureus suspended in lA strength Ringer’s solution. The low 
levels of ATP will be difficult to detect accurately and any contamination of the 
sample or equipment with ATP will create large errors in the results. Any changes 
in the level of ATP in the bacterial cell of any fraction of the bacterial population 
will also affect the results significantly. Finally, since the ATP bioluminescence 
method can only be applied when working with viable cells ( which contain ATP ), 
non-viable cells which are also important because they may contaminate food 
products with toxins will not be detected.
Enumeration of adhered S. aureus was also performed by the swab / rinse 
method. The results were over one order of magnitude less than those shown above 
for the DEM method. This was due to the incomplete recovery of the organisms 
both from the stainless steel surface and from the swab itself. The swab / rinse 
method was therefore not pursued.
The SEM method gave a higher number than the DEM method used. This 
was probably due to a combination of; (1) the glutaraldehyde fixing stage during 
the preparation for SEM and (2) to the higher magnification obtainable with the 
SEM method.
Without the glutaraldehyde fixing stage some of the less strongly adhered 
bacteria may be washed off during several of the rinses involved in sample 
preparation. With the higher magnification of the SEM method a pair or more of
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adjacent bacteria which are touching each other may be distinguished and counted 
as such, but with the lower magnification of the DEM method the same bacteria 
may be mis-counted because the fluorescence from the bacteria can only be seen 
as a blurred spot against the almost black background ( Figure 4.5. ). When two 
or three bacteria are close together the two or three blurred spots can be difficult 
to resolve and be counted as one thus leading to a lower overall count.
The SEM procedure is lengthy, complicated and requires expensive and 
complex apparatus but yields the most sensitive results. However, the over-riding 
consideration, when performing experiments that contain large numbers of 
samples, was the speed and simplicity of use. Therefore, the DEM method was 
chosen because it was simple to perform, requiring only an epifluorescence 
microscope. Even though the results from DEM were not as accurate as the SEM 
method they were found to be reproducible and gave a true indication of the 
relative numbers of bacteria on the surface.
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CHAPTER 5.
THE EFFECT OF ADSORBED MILK 
CONSTITUENTS ON THE ATTACHMENT OF 
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5. The effect of adsorbed milk constituents on the attachment of bacteria to stainless steel
5.1. Introduction
This chapter reports the observed effect adsorbed milk constituents have on 
the attachment of bacteria on to stainless steel surfaces.
The number of bacteria adhering to stainless steel coupons treated with UHT 
skimmed milk was compared to the number adhering to clean stainless steel 
coupons using the direct epifluorescent microscopy ( DEM ) technique. Initially 
the work was carried out using the Gram positive bacterium Staphylococcus aureus 
and a Gram negative organism, Pseudomonas fragi.
5.2. Method
Twelve stainless steel coupons ( AISI 304, 5 cm x 2 cm ) were cleaned as 
described in section 2.3.6.1.. Six of the coupons were then treated with 
skimmed UHT milk as described in section 2.3.6.2. The concentration of 
a bacterial suspension, obtained by the method described in section 2.3.1., 
was adjusted to between 1 - 2 x 108 bacteria per ml as determined by 
absorbance readings at 620 nm ( OD620 nm 0.2 - 0,3 ). Six stainless steel 
coupons ( 3 milk treated and 3 clean controls ) were then placed into 
separate glass universals, each containing the bacterial suspension ( 20 ml), 
and incubated at room temperature ( 23 °C ± 2 ) for 6 hours while being 
rotated ’end-over-end’ at 10 - 20 rpm ( Figure 2.1. ). All twelve of the 
stainless steel coupons were then rinsed three times with 10 ml of lA 
strength Ringer’s solution to remove unattached bacteria. The number of 
bacteria attached to each of the stainless steel coupons was then determined 
by the epifluorescence microscopy method as described in Section 2.3.5.3.
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5.3. Results and discussion
The results in Table 5.1. clearly show that S. aureus adhered to the milk- 
treated stainless steel surface in smaller numbers than to the clean stainless steel 
surface. The reduction in the numbers of S. aureus adhering to the milk-treated 
steel was by a factor of 73. P. fragi adhered in approximately equal numbers to 
the milk-treated and the clean stainless steel. The number of S. aureus adhering to 
clean stainless steel was 12 times that for the P. fragi, however the number of P. 
fragi adhering to milk treated stainless steel was 5.5 times the number of S. 
aureus.
.... / Milk treated steel Clean steel
S. aureus 17 ± 5 1236 ± 124
Blank control 0 0
P. fragi 95 ± 7 105 ± 11
Table 5.1. Number of bacteria attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different samples ± standard deviation.
F ig u r e  5.1 S E M  o f  S .a u re u s  on m i lk - t re a t e d  stee l
Figure 5 .2  SEM o f  S .au reus  on c le a n  s t e e l
F ig u re  5.3 S E M  o f  P .frag i on m ilk - t re a te d  steel
Figure 5.4 SEM of P.fragi on clean steel
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The scanning electron micrographs shown in Figures 5.1. to 5.4. are 
included here to illustrate the effect observed with the direct epifluorescence 
microscopy method.
This result is contrary to those of Speers & Gilmour (1985) who found that
the attachment of Gram negative bacteria is greater than that of Gram positive
bacteria. Their result, however, was obtained by suspending the bacteria in
solutions containing milk components during the attachment period. Herald &
of
Zottola (1989) reported the number^Pseudomonas f l 'a g i , suspended in 0.1 M 
phosphate buffer, adhering to untreated stainless steel to be in the range 6.5 - 14.1 
xlO3 bacteria per mm2 (values calculated from published data) after 4 hours. The 
value obtained in this study (6.4 xlO3 bacteria per nun2 ) falls just below that 
range, the slight discrepancy is probably due to the different rinsing procedure or 
to the use of different strains of bacteria. The number of S. a u reu s  attaching to 
clean stainless steel (7.54 xlO4 mm"2 ) was in the same order of magnitude as that 
found by Johal (1988).
The inhibition effect of an adsorbed protein layer on the attachment of 
bacteria has been reported by Fletcher ( 1976 ) working with marine P seu d o m o n a s  
attaching to polystyrene. She found that adsorbed bovine serum albumin ( BSA ), 
gelatin, fibrinogen and pepsin inhibited attachment but protamine and histone did 
not. She concluded that the adsorbed proteins were modifying the ionic micro­
environment of the surface or forming a macromolecular "scaffolding" to which 
the bacteria were unable to attach. The lack of inhibition by protamine and histone 
was attributed to the fact that they did not adsorb onto the polystyrene. However 
these results cannot be directly compared because of the important
differences in the bacteria, substrata and protein used.
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5.4. Confirmation of the effect
Two experiments were performed to confirm the effect observed.
5.4.1. Adhesion experiment using different Gram positive and Gram negative 
bacteria.
A wider range of bacteria was selected with a view to seeing to what extent 
the effect observed with S. a u reu s  occurred in other bacteria.
5.4.1.1. Method
The experimental protocol was the same as that described in Section 5.2. 
except that different bacterial cultures ( E sch erich ia  c o li , L a c to b a c illu s  
b re v is , L . p la n ta ru m , L a c to co c c u s  lactis , L eu c o n o s to c  m e se n te ro id es , 
M icro co ccu s  f la v u s ,  M . lu teus, M . ly so d e ik tizu s , M . ro seu s , P ed io co ccu s  
p e n to sa c e u s , P seu d o m o n a s a e ru g in o sa , P. f lu o r e s c e n s , S ta phylococcus  
ep iderm id is ) were used.
5.4.1.2. Results
The numbers of bacteria adhering to clean and milk-treated stainless steel 
are shown in Table 5.2.. E. co li and L e u c o n o sto c  m esen tero id es were found to 
adhere in very low numbers to UHT milk-treated or clean stainless steel. 
L a c to b a c illu s  b rev is  and L a c to b a c illu s  p la n ta ru m  adhered in patches and where 
adhesion occurred it was mostly in multiple layers and therefore accurate counts 
were not possible. S ta p h ylo co ccu s ep iderm id is and M icro co ccu s  f la v u s , the only 
one of the four M icro co cc i that did not form clumps, adhered in lower numbers
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to the UHT milk treated stainless steel than to the clean stainless steel. L a c to co ccu s  
la c tis , P seu d o m o n a s a e ru g in o sa , P seudom onas f lu o r e s c e n s , and P ed iococcus  
p e n to sa c e u s  adhered in approximately equal numbers to UHT milk-treated stainless 
steel as to clean stainless steel.
Bacteria Milk treated steel Clean Steel
E. co li < 1 < 1
L. brevis  
L. p la n ta ru m
Patchy and / or multiple layered
L. lactis 100 ± 16 108 ± 20
L. m ensen tero ides < 1 < 1
M . f la v u s 265 ± 82 496 ± 109
M . lu teus  
M . lysode ik ticu s  
M . roseus
Unable to count due to clumping of bacteria
P edio . p en to sa c e u s 120 ± 31 131 ± 35
P seudo , aerug inosa 225 ± 45 198 ± 59
P seudo , f lu o re sc e n s 153 ± 28 179 ± 43
P seudo , f r a g i  (*) 95 ± 7 105 ± 11
S. aureus (*) 17 ± 7 1236 ± 124
S. ep iderm id is 430 ± 76 874 ± 64
Table 5.2. Number of bacteria attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different samples ± standard deviation.
(*) from Table 5.1.
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The problem of the clumping of M icro co ccu s spp . on stainless steel was also 
encountered by Speers e t al. (1984). A possible solution to this problem is to break 
up the clumps, either by gentle sonication or by agitation in the presence of fine 
glass beads, prior to the attachment procedure. However, such procedures may 
alter the bacterial surface components and thus change the attachment 
characteristics. This would also not represent the usual situation that would apply 
in a food processing environment.
The numbers of P seu d o m o n a s  adhering to stainless steel found in this 
experiment were about one order of magnitude greater than those found by 
Duddridge e t al. (1982), Stanley (1983), and Speers & Gilmour (1985). A 
probable explanation for this is the longer adhesion period used in this experiment 
of 6 hours compared to less than 2 hours used by the other authors. Stanley (1983) 
found that the number of P. a eru g in o sa  attaching to stainless steel increased at a 
rate of 167 organisms per nun2 per minute for the first 10 minutes. It must also 
be remembered that different bacterial strains are used in these experiments.
The number of S ta p h ylo co ccu s ep iderm id is adhering to clean stainless steel 
was 874 organisms per 0.0164 mm2 which is approximately one third less than 
1236 for S tap h ylo co ccu s a ureus. The number of S. ep id erm id is adhering to the 
UHT milk treated stainless steel was 430 which is considerably larger than for S. 
a u reu s  ( 17 ). The fact that the numbers of S. ep iderm id is  attached to clean 
stainless steel is the closest to that of S. aureu s  may suggest that the effect may be 
related to the similarity of the two bacteria.
Overall, the effect of UHT milk treatment of stainless steel to bacterial 
attachment varied from no observable effect, for L a c to co ccu s  la c tis , P ed io co ccu s  
p e n to sa c e u s  and the P seu d o m o n a s  sp p ., to a reduction in numbers of M icro co ccu s
- 103 -
5. The effect of adsorbed milk constituents on the attachment of bacteria to stainless steel
f la v u s , S ta p h ylo co ccu s a u re u s , and S taphylococcus ep id erm id is  adhering to the 
stainless steel. The presence of the adsorbed milk constituents did not enhance the 
attachment of any of the bacteria. Since the most notable effect was observed with 
S ta p h ylo co ccu s aureu s  it was decided to continue and concentrate with this 
bacterium only.
5.4.2. Attachment experiments with different methods of enumeration
The experiment was repeated with just S ta p h ylo co ccu s aureus using a 
variety of different counting methods to confirm the observed effect. The different 
methods used were; ATP count, scanning electron microscopy, and swab/rinse.
5.4.2.1. Method
The method was the same as that described in Section 5.2. except that 
different counting methods were employed. The ATP method is described 
in Section 4.2.2.4., the SEM method in Section 2.3.5.2., and the 
swab/rinse in Section 2.3.5.1.. A variation of the swab/rinse, where sodium 
alginate swabs replaced the cotton swabs and Calgon solution replaced the 
*4 strength Ringer’s solution, was also used. Sodium alginate swabs dissolve 
in Calgon solution thereby releasing all the bacteria recovered from the 
surface, it was thought that this might enhance recovery.
5.4.2.2. Results
The numbers of S. aureu s  adhering to clean stainless steel determined by the 
swab/rinse, Calgon and DEM methods are in close agreement and are lower than
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those obtained by the SEM method. The reason why the SEM method yielded 
higher numbers was discussed in Chapter 4. All five of the methods showed that 
the number of S. aureu s attached to milk treated stainless steel was lower than that 
found attached to clean stainless steel ( Table 5.3. ). All of the methods show that 
the numbers of S. aureu s  attached to milk-treated stainless steel is lower than 
numbers of S. aureu s  attached to clean stainless steel.
Counting Method Milk treated No-milk 
( clean control)
ATP 1283 RLU 11340 RLU 9
SEM 1.4 xlO4 cell mm'2 2.1 xlO5 cell mm"2 15
Swab/Rinse 4.2 x 103 cfu mm'2 7.9 x 104 cfu mm"2 19
Calgon 2.7 x 103 cfu mm"2 8.2 x 104 cfu mm"2 30
DEM 1.6 xlO3 cell mm'2 7.6 xlO4 cell mm"2 48
Table 5.3. Ratio of S. aureu s  adhering to milk treated and clean 
stainless steel as determined by a variety of counting methods.
The result given for the bacterial ATP method is shown as relative light 
units since conversion to number of bacteria would require the results of one of the 
other enumeration methods.
The numbers of S. aureu s  adhering to milk-treated stainless steel show 
greater variation between the different enumeration techniques. This was due to the 
differences in the rinsing procedure of the different methods. For the DEM method 
the counts for S. a ureus  on the milk-treated surface were usually less than 10
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organisms per field and some fields contained no organisms. For the swab methods 
the milk components present in the attachment environment may assist the removal 
of the organisms from the surface and the swabbing action may have broken up 
clumps of bacteria, thereby the results may show a higher than expected number 
of attached bacteria after recovery and growth on a nutrient medium.
It is clear from the above results that the effect of treating stainless steel 
with skimmed UHT milk is to reduce the number of some of the bacterial species 
adhering to it. The constituents of skimmed UHT milk adsorbed on the stainless 
steel must therefore be affecting in some way one or more of the three components 
of the attachment mechanism:-
1) The attachment surface ( stainless steel).
2) The bacterial surface.
3) The suspending medium.
To investigate the inhibiting effect, an understanding of the interactions 
involved in the adhesion of bacteria and proteins to a surface must first be 
appreciated. The following chapters will examine several different aspects of the 
interactions involved in an attempt to find the cause of this effect.
5.5. Conclusion
Of the bacteria tested M . f la v u s , S. aureus  and S. ep id erm id is  displayed a 
reduction in numbers adhering to milk-treated surfaces whereas L . la c tis , P.
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p e n to sa c e u s  and the three P seu d o m o n a s  spp  showed no difference and E. co li and 
L . m en sen tero id es  did not adhere at all. The results do not show any consistent 
trends related to the Gram reaction of the organisms. The three bacteria that did 
show a reduction in numbers with milk-treated stainless steel are all non-motile, 
Gram positive cocci belonging to the family Micrococcaceae.
6. Stainless Steel Surface
CHAPTER 6. 
INVESTIGATIONS INTO THE ROLE 
OF THE SUBSTRATUM SURFACE IN THE 
ATTACHMENT OF S. AUREUS ON 
TO STAINLESS STEEL.
6. Stainless Steel Surface
6.1. Introduction
In this chapter some of the physical properties of the milk treated stainless 
steel surface as presented to the bacteria were examined to investigate their 
possible role in the reduction of the number of bacteria adhering to it; as observed 
in the previous chapter.
Droplet contact angle measurement was used to give an indication of the 
surface free energy and X-ray photoelectron spectroscopy ( XPS ) was used to 
study the chemical composition of the surface.
The milk constituents adsorbed onto the stainless steel surface were 
examined and the effects of varying the composition, concentration and 
conformation of the constituents investigated. Initially, SDS-polyacrylamide gel 
electrophoresis ( SDS-PAGE ) was used to determine the composition of milk 
constituents adsorbed onto the stainless steel surface. Ultrafiltration using a 
Millipore "Pellicon" system was then employed to obtain milk constituents with 
molecular weights below 1,000 Daltons. These constituents were then used with 
commercially obtained individual milk proteins in the experiments. Modification 
of the protein conformation was induced by treatments with heat and 
formaldehyde.
Finally the effect of the rugosity of the stainless steel surface was examined.
6. Stainless Steel Surface
6.2. Surface energy
Contact angle measurement is widely used to estimate the surface energy of 
materials ( Andrade e t a l . , 1985; Neumann, 1974 ). Van Loosdrecht ( 1988 ) has 
shown that contact angle measurements of bacterial surfaces correlate well with 
bacterial adhesion. Generally, the contact angle of a water droplet on the surface 
of the material in question is measured.
However, since it is difficult to form a water droplet on a stainless steel 
surface, because the stainless steel surface is hydrophilic and as the water droplet 
touches the surface it spreads, n-octane droplets can be used ( Hamilton, 1972 ) 
as long as the measurement of the n-octane droplet contact angle is taken under 
water. It was shown that non-hydrophilic solids which were unable to interact by 
polar forces exhibited a 50° contact angle, whereas those able to interact by polar 
forces give contact angles with values greater than 50°. The increasing contact 
angle above 50° was thought to indicate an increase in the polar interactions.
Another important reason for using n-octane droplets and making the 
measurement of the contact angles under water is to prevent any denaturation or 
re-orientation of the components of the adsorbed organic film on the stainless steel 
surface.
6.2.1. Method
A n-octane drop extruded from the tip of an Agla micrometer syringe, by 
turning a distance of 25 p m , was lowered until it just touched the stainless 
steel surface immersed in lA strength Ringer’s saturated with n-octane in a
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quartz cell made from optical flats. The syringe was then carefully retracted 
without disturbing the droplet and the contact angle the droplet made with 
the stainless steel surface, 0, was measured as soon as possible through the 
buffer using a Beck eyepiece attached to the telescope. Special attention was 
paid to make sure that the ’lay’ ( polishing grooves ) of the stainless steel 
coupon was in the correct orientation, with respect to the telescope, prior 
to measuring the contact angle. A schematic diagram of the apparatus is 
shown in Figure 6.1..
6.2.2. Results
The contact angles of n-octane on the milk-treated stainless steel surface was 
found to be about 10° less than on clean stainless steel. This decrease in the
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contact angles ( Table 5.1. ) represent a decrease in the hydrophilicity of the 
stainless steel surface.
ACROSS ALONG
CONTROL 138.2° ± 3.9 157.1° ± 3.6
MILK TREATED 126.8° ± 6.4 149.7° ± 4.3
Table 6.1. Average contact angle of 50 readings ± standard deviation. 
The results were significant with p < 0.005 (Student’s T test).
The contact angle of the n-octane droplet viewed along the polishing grooves 
in the surface of the stainless steel was found to be different to the contact angle 
when viewed across the grooves. This difference was due to capillary action along 
the sides of the grooves. The contact angle was also measured as soon as possible 
after the n-octane droplet was placed on the stainless steel coupon so as to avoid 
variation in the contact angle due to hysteresis. The temperature of the buffer and 
of the n-octane was also noted and kept to 23 ± 2°C. Since the contact angle is
affected by the roughness ( Gregg, 1961 ) of the surface ( see appendix II ) the
. . . . . .  beresults obtained in this experiment can only^ taken as an indication of the direction
of change in the surface energy.
The decrease in hydrophilicity of the milk treated stainless steel surface can 
be explained by the adsorption of organic constituents from milk. Proteins are 
intrinsically surface active and tend to concentrate at interfaces due to their 
polymeric structure and amphoteric nature. Multiple contact points are present on 
each protein molecule due to the presence of polar, charged, and non-polar amino 
acid side chains, which, also provide the opportunity for multiple modes of binding
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to different surfaces. Generally the non-polar residues tend to be internalised in the 
native protein, but on contact with a surface it is possible for a rearrangement of 
the structure to occur in order to minimise the free energy which results in an 
increased number of contacts with the surface.
The proteins in milk are divided into the caseins and the soluble whey 
proteins. The casein proteins occur as micelles which are made up of submicelles 
held together by colloidal calcium phosphate. A model for the casein micelle 
proposed by Schmidt ( in Sandu & Lund, 1985 ), shown in Figure 6.2., illustrates 
that the polar k-casein molecules are located mainly at the surface of the micelle. 
This occurs because the submicelles are thought to be bound together by the 
colloidal calcium phosphate via ester phosphate groups. Since phosphate groups are 
present in the a -  and ft-caseins and not in k-caseins (except for a single SerP 
residue at position 149), the k-caseins portions of the submicelle will be located on 
the outer surface of the casein micelle since they are unable to bind to other 
caseins by bridging with the colloidal calcium phosphates.
POLAR P/ 
OF K-CAS
PHOSPHA1 
OF clr  Ahu COLLOIDAL 
CALCIUM PHOSPHATE
Figure 6.2. The Schmidt model for the structure of casein micelles.
( Sandu & Lund (1985) )
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Casein micelles were not observed in large numbers on the stainless steel 
surface when view by scanning electron microscopy. This may be due to the 
breakdown of the micelle structure during the electron microscopy preparation 
procedure. When casein micelles bind to the stainless steel surface, surface 
structural rearrangement may occur in order to minimise the free energy of the 
system. This would lead to the exposure of some of the hydrophobic core of the 
submicelles making the resultant surface less hydrophilic than before.
seem
It would^unlikely that such a small change in the surface hydrophilicity of 
the surface could account totally for the significant reduction in the numbers ( by 
up to 98 % ) of S tap h ylo co ccu s aureus attaching to the milk treated stainless steel 
surfaces as compared to attachment on to clean stainless steel surfaces.
6.3. Chemical composition of milk treated stainless steel surface
The chemical composition of the milk treated stainless steel surface was 
determined by electron spectroscopy for chemical analysis ( ESCA ) which is also 
known as X-ray photoemission spectroscopy ( XPS ). This method can provide 
useful information about surface adsorbed organic molecules such as; a) the 
elements present ( except hydrogen and helium ), b) the approximate surface 
concentration of the elements, and c) the bonding state or oxidation state of the 
atoms.
6.3.1. Method
Stainless steel coupons ( AISI 304, 8 mm x 12 mm) were cleaned as
described in Section 2.3.4.1.. A series of 8 x 1 in 10 dilutions of UHT
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skimmed milk was then prepared using sterile RO water. A stainless steel 
coupon was then milk treated as described in the Section 2.3.4.2 using the 
10”5, 10"4, and 10"3 dilutions ( 1 coupon in each solution ) in place of the 
full strength UHT-skimmed milk. The three milk treated coupons and a 
clean stainless steel coupon were then frozen in liquid nitrogen and dried 
overnight in a freeze-drier. The coupons were then XPS analysed with a 
Vacuum Generators ESCA 3 instrument ( X-ray source was from either Al 
Ka or Mg Ka, typical operating pressure was less than 10"8 bar, electron 
detector was a channeltron and the data was recorded simultaneously onto 
paper by an X-Y plotter and by a V. G. datasystem 3040 computer onto 
magnetic disk. ). After a scan of the overall spectrum, peaks were 
produced for Cls, N2p, 0 ls, Cr and Fe. The areas under the peaks were 
used to calculate the relative elemental surface concentrations.
6.3.2. Results
The analyses of the milk treated stainless steel surfaces by XPS have 
revealed the presence of organic components which are consistent with those of 
proteins. The wide scan XPS spectra, shown in Figure 6.3, shows the expected 
peaks due to carbon, oxygen, iron and chromium for the clean stainless steel 
surface. Extra peaks due to sulphur, chloride, calcium, nitrogen and sodium 
appeared on the milk treated stainless steel surface.
The levels of carbon and nitrogen were found to increase with the 
concentration of milk used to pretreat the stainless steel coupons, whereas, the 
levels of oxygen, iron and chromium decreased with the concentration of milk 
used. This result is shown in Figure 6.4 and was expected because, as the metal
- 115 -
6. Stainless Steel Surface
Binding Energy (EV)
Figure 6.3. Wide scan XPS of milk treated and clean stainless steel surface.
Dilution (log)
Figure 6.4. Graph of surface relative element concentrations for milk 
treated and clean stainless steel surfaces.
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surface is being covered by the organic components ( increasing signals due 
organic components ) the area of untreated metal must decrease and so must the 
strength of the signals from those elements of the clean stainless steel. The signals 
due to the stainless steel do not disappear totally because the x-rays can penetrate 
a small distance ( typically 2 - 4 nm through the protein layer to the metal.
Binding Energy (EV)
Figure 6.5. The Cls peaks of XPS spectra of clean and milk treated
stainless steel surfaces.
The carbon Is peak from the XPS spectra of the stainless steel surface are 
shown in the narrow scan spectra ( Figure 6.5.). The observed peak can be thought 
of as being composed of four separate peaks belonging to carbon atoms being in 
four different environments. The four environments and their respective binding 
energies are shown in Figure 6.7.. It is noted from the peaks in the narrow scan 
( Figure 6.5.) that the Cls contribution from the peptide bond of protein molecules 
(at 288. leV binding energy) increased with increasing concentrations of milk. This 
would suggest that either the organic coverage ( surface area) or the thickness of
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the organic layer is increasing with the concentration of milk used to pretreat the 
stainless steel.
A value of 533.2 eV corresponds to oxygen being involved in -C-O- type 
bonding and a value of 531.2 eV corresponds to oxygen being involved in other 
types of bonding including -Metal-O. The 0 ls peaks of the XPS spectra of the 
stainless steel surfaces, shown in the narrow scan ( Figure 6.6. ), shows a distinct 
shift in binding energy from 531.3 eV for the clean stainless steel to 533.2 eV for 
the milk treated stainless steel.
Figure 6.6. The 0 ls peaks from XPS spectra of clean and milk treated
stainless steel surfaces.
The 0 ls peak for the sample treated with the 10"5 dilution of milk comprises 
peaks at 531.3 eV and 533.2 eV binding energies. As expected the results suggest 
that in the clean stainless steel the majority of the oxygen present on the surface 
is bound to metal and as the concentration of the milk used to treat the stainless
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steel was increased more of the oxygen atoms present on the surface were bound 
to carbon rather than to metal.
Figure 6.7, Cls binding energies in eV 
(from Ivarsson & Lundstrom (1990))
It can be concluded that organic constituents from the milk source are 
adsorbed onto the stainless steel surface irreversibly with respect to simple rinsing.
6.4. Investigation to determine which of the milk constituents are involved.
Section 6.3. showed that the pre-treatment of a stainless steel surface with 
milk resulted in an adsorbed layer of organics. Further studies on the composition 
of this organic layer were required to ascertain which, if any, of the organic 
constituents was responsible for the significant reduction in the number of S. 
a u reu s  adhering to the milk-treated stainless steel surface when compared with 
clean stainless steel surface.
This investigation was split into three parts;
6. Stainless Steel Surface
(1) To divide the organic constituents present in milk in-to low and high molecular 
weight fractions with the cut-off point selected at 1,000 dalton. This would 
separate the salts and ions, vitamins, lactose and fatty acids from the fat globules 
and protein molecules.
(2) To identify which proteins are present on the milk-treated stainless steel 
surface.
(3) To investigate the effect individual milk proteins have on the attachment of S. 
a u reu s  to stainless steel surfaces.
6.4.1. Low molecular weight constituents
A "Pellicon" ultrafiltration unit ( Millipore, USA) was used to separate the 
milk into two fractions, namely; the filtrate which contains the components with 
molecular weight below 1,000 ( lactose, minerals, vitamins and fatty acids ), and, 
the retentate which contains the higher molecular weight components ( mainly 
proteins and fat globules ). The "Pellicon" system was chosen because; a) the 
mode of separation is based on size only, b) the process causes minimal changes 
to the structure of the milk, and c) it is a simple procedure and the scale of 
operation is sufficiently large to produce enough filtrate for the experiments in a 
short time.
6.4.1.1. Method
A "Pellicon" filtration unit (Figure 6.8.), fitted with PC AC 1,000 MW 
filter sheets, was cleaned by circulating 1% Terg-a-zyme (Alconox Inc.,
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NY, USA) enzyme detergent for 24 hours and thoroughly rinsing with 
autoclaved RO water. Five litres of UHT skimmed milk were then 
introduced with a maximum inlet pressure of 20 psi and a maximum back 
pressure of 20 psi. ( The resulting Filtrate flow rate was between 15 and 20 
ml.min'1. ) The filtrate ( approximately 4 litres ), containing the milk 
constituents with molecular weight below 1,000 Daltons, was then 
immediately bottled and stored at -70 °C.
The low molecular weight milk fraction was then used to determine the 
effect low molecular weight milk constituents have on the attachment of S. aureus 
to stainless steel surfaces. This was accomplished by substituting the low molecular 
weight milk fraction for the UHT skimmed milk in the experiment described in 
Section 5.2..
Pump
Valve
Filtrate Retentate Filter Cassette Milk sample
Figure 6.8. Schematic diagram of the Pellicon filtration apparatus.
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6.4.1.2. Results
Pretreatment No. S. aureus
Control (clean steel) 1189 ±  97
Filtrate (MW < 1,000) 1157 ±  121
Retentate 7 ±  4
Filtrate + retentate 9 ±  4
Milk 6 ±  3
Table 6.2.. Number of S. aureus attached to stainless steel ( per 0.0164 mm2 ).
Average of 36 fields from 3 different sample ±  standard deviation.
The filtrate of milk from the ultrafiltration unit was clear but had a distinct 
yellow tint due to the vitamin B2 (riboflavin). This vitamin is normally found in 
milk and the yellow colour present but it is not normally noticed due to the milk 
being opaque.
Pretreatment of stainless steel surfaces with the milk filtrate showed a very 
small effect on the attachment of S. aureus when compared with attachment to 
clean steel. The small difference in the numbers of S. aureus attaching ( Table
6.2. ) was less than 3% and this was a significant difference* However, when this 
is compared to a change of up 98 % when whole milk is used then the effect due 
to the milk filtrate can be disregarded. When the retentate was re-combined with 
the filtrate, the reduction in the number of S. aureus was approximately the same 
as with whole milk.
*P<=0-05
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The next task was to determine which of milk components adsorb onto the 
stainless steel surface.
6.4.2. Composition of adsorbed milk constituents
The milk constituents recovered from stainless steel powder, treated with 
milk as described in Section 2.3.5.2., by SDS extraction (1 % SDS, overnight with 
shaking, Section 3.3.1.5 ) were analysed by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) using UHT milk and individual milk proteins as 
standards. Stainless steel powder was used in this experiment due to the 
requirement of a large surface area to obtain enough milk constituents from 
the surface to run on the gel.
6.4.2.1. Reagents
Resolving Gel Stacking Gel
- Acrylamide (3 0  % w/v ) [ Sigma ] 12.5 ml 2.5 ml
- Buffer ( * See Below ) 3.75 ml 5.0 ml
- SDS ( 1 % w/v ) [Sigma ] 3.0 ml 2.0 ml
- (NH4)2S20 8 ( 1.5 % w/v ) [ BDH ] 1.5 ml 1.0 ml
- RO water 9.25 ml 9.5 ml
- TEMED [ Sigma ] 20 pi 15 pi
Total Volume 20.0 ml 30.0 ml
* Resolving Gel Buffer, 3.0 M Tris-HCl [ Sigma ] ( pH 8.8 )
* Stacking Gel Buffer, 0.5 M Tris-HCl ( pH 6.8 )
* Reservoir Buffer, 0.25 M Tris [ Sigma ], 1.92 M Glycine [ Sigma ], 
1 % ( w/v ) SDS ( pH 8.3 )
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6.4.2.2. Method
An SDS-PAGE gel was prepared as described by Hames (1981) and loaded 
with the milk proteins recovered from stainless steel powder and standard 
milk proteins [ Sigma ]. Electrophoresis was then carried out at 100 V 
through the stacking gel and 180 V through the separating gel until the 
tracking dye was within 1 cm of the bottom edge of the gel. The gel was 
then stained with Coomassie blue (0 .1  % ) in water:methanol:acetic acid 
( 5:5:2 ) and the excess stain was removed by diffusion in several baths of 
destain solution ( 12 % isopropanol and 10 % acetic acid ).
6.4.2.3. Results
The SDS-PAGE profile shown in Figure 6.9. shows that all of the major 
milk proteins were present in the extract from the milk adsorbed onto the stainless 
steel. The bands were identified by running milk protein standards in adjacent 
tracks. Although no quantitative measurement was attempted, the density of the 
bands in Figure 6.9. gave an indication that the relative proportions of milk 
proteins were comparable before and after attachment to the stainless steel surface.
Since all of the five major milk proteins, ( a  casein, B-casein, k-casein, 
a-lactalbumin, and B-lactoglobulin) were shown to be adsorbed on to the stainless 
steel surface the next step was to investigate the effect each of the five individual 
milk proteins will have on the attachment of S. aureus to stainless steel surfaces.
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Figure 6.9 S D S -P A G E  profile of adsorbed milk proteins
6. Stainless Steel Surface
Protein r d RF
a-Casein 35.5 0.36
8-Casein 28.0 0.43
/c-Casein 30.0 0.46
a-Lactalbumin 43.2 0.66
8-Lactoglobulin 51.2 0.78
Table 6.3. Retention distance (RD in cm) 
and Retention ratio Ro^Soivent (r f) lor proteins
6.4.3. Effect of individual protein on attachment
Five individual milk proteins ( a-casein, 8-casein, k-casein, a-lactalbumin 
and 8-lactoglobulin ) were used in this study to determine the effect each protein 
had on the attachment of S. aureus to stainless steel surfaces. In one experiment 
the five individual proteins were used at the concentrations they are normally found 
in skimmed UHT milk ( Table 6.4. ) and in another experiment all five of the 
proteins were used at equal concentrations. The effect of diluting the UHT 
skimmed milk, used to pretreated the stainless steel surface, with 14 strength 
Ringer’s solution was also investigated.
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Protein Approximate 
molecular weight
Concentration 
(g. litre-1)
a-Casein 23,500 13.6
B-Casein 24,000 8.2
x-Casein 19,000 4.1
B-Lactoglobulin 18,300 3.6
a-Lactalbumin 14,200 1.7
Table 6.4. Distribution of proteins in skimmed bovine milk - 
Atherton &Newlander ,(1977).
6.4.3.1. Methods
Individual milk proteins ( Sigma chemicals ) were dissolved in separate 
5 ml of XA strength Ringer’s solution. For the study with the proteins used 
at the concentration found in native milk the following amounts were used; 
a-casein ( 70 mg ), B-casein ( 40 mg ), k-casein ( 20 mg), a-lactalbumin 
( 8.5 mg ), and B-lactoglobulin (18 mg ). For the experiment where all the 
individual proteins were at the same concentration, 40 mg of each protein 
was used. A dilution series of milk as used for the analyses of the milk- 
treated stainless steel surface by XPS, described in Section 6.3., was also 
prepared.
These solutions were then used as the pretreatment for the stainless steel 
surface in the experiment as described in Section 5.2..
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6.4.3.2. Results
Cone, as found in Milk Equal conc. ( 8 g.1'1 )
a-Casein 8 ±  3 ( 14.0 g.1’1 ) 9 +  3
B-Casein 27 ±  5 ( 8.0 g.1'1 ) 30 ±  6
k-Casein 41 ±  6 ( 4.0 g.1'1 ) 9 ±  3
a-Lactalbumin 311 ±  26 ( 1.7 g .b1 ) 344 +  36
B-Lactoglobulin 150 ±  19 ( 3.6 g.1'1 ) 52 ±  9
UHT-skimmed milk 4 +  2
Control 1250 ±  100
Table 6.5. Number of S. aureus attached to 0.0164 mm2 of stainless steel. 
Average of 36 fields from 3 different samples ±  standard deviation.
All five of the individual milk proteins were found to reduce the number 
of S. aureus attaching to stainless steel ( Table 6 .5 .). When the milk proteins were 
examined at their native concentrations in milk, a-casein at 14 g .I '1 was found to 
have the greatest effect with a reduction in numbers from 1250 bacteria per field 
for the control down to 8 bacteria per field ( 99.3% reduction ). a-Lactalbumin 
was the least effective showing only a reduction down to a quarter of the control 
(75%  reduction ). Since in milk, the concentration of a-casein is the highest and 
the concentration of a-lactalbumin the lowest the effect may be just related to 
protein concentration.
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P ro te in  c o n c e n tr a t io n  (g /l)
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Figure 6.10. Graph of protein concentration against the number of S. 
aureus attaching to stainless steel.
A graph of protein concentration, of the proteins used at the native 
concentrations, plotted against the log of the number of S. aureus attached to 
stainless steel yields a line with a correlation factor of R =  0.995 ( Figure 6.10. ) 
when the value for k-casein is left out. It appears from the graph that k-casein is 
more effective at inhibiting the bacteria attaching to stainless steel than the other 
four proteins. Examination of the compositions of the five milk proteins ( Table
6.6. ) shows that the only major difference between k-casein and the other caseins 
is the charge at pH 6.6. k-Casein has a charge of -3. The charge on the other 
caseins are -12 and -20. k-Casein also differs from the other caseins in that it does 
not possess a large number of phosphorylated serine residues and it has a distinct 
separation of its hydrophobic and charged domains making the protein a strong 
amphiphile. This would allow k-casein to adsorb strongly onto the stainless steel 
surface via the polar domain leaving the hydrophobic portion protruding into the 
solution. The lack of phosphorylated serine residues groups would make cationic
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bridging to the bacteria unfavourable.
Protein Acidic 
residue a
Basic 
residue b
Non-polar 
residue c
Polar 
residue d
Charge at 
pH 6.6e
a-Casein 20.1 11.3 43.5 25.1 -2 0
B-Casein 12.4 8.4 53.1 26.1 - 12
k-Casein 10.6 9.8 45.3 34.3 - 3.5
a-Lactalbumin 13.8 11.8 35.0 39.4 -2 .6
B-Lactoglobulin 17.9 11.8 46.3 24.0 - 10
Table 6.6. Composition of milk proteins (Reynolds & Wong, 1983)
a Number of acidic residues per 100 residues (Glu, Asp, SerP) 
b Number of basic residues per 100 residues (Arg, Lys, His) 
c Number of non-polar residues per 100 residues (Gly, Ala, Val, Leu, lie, Met, 
Phe, Pro)
d Number of polar residues per 100 residues (Asn, Gin, Cys, Thr, Trp, Tyr) 
e From Swaisgood, (1982).
When the five proteins were used at a concentration of 8.0 g .l '1, the effect
of a-casein was the same as when it was used at almost twice that concentration.
The effect of doubling the concentration of k-casein was to enhance the inhibition
of S. aureus attaching to the same level as that of a-casein. This implies that the
concentration of a-casein required for the maximum inhibition of bacterial
attachment is less than 14 g.l*1 and for k-casein is about 8g.l_1. Increasing the
concentration of a-lactalbumin by a factor of 5 had no effect on its ability to
inhibit bacteria attachment. The ability to inhibit bacteria adhesion of B-
lactoglobulin increased by a factor of 3 ^  when the concentration was increased
A
by a factor of 2.2 fold.
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The effect of diluting the UHT skimmed milk used to pretreat the stainless 
steel surface is shown in Figure 6.11. As the concentration of proteins in the milk 
used for the pretreatment of the stainless steel decreased below 3 xlO'1 g.1'1 (-2 
dilution ) the effect on the attachment of S. aureus also decreased and at a 
concentration of 3 xlO"4 g.1'1 ( 10"5 dilution ) the pretreatment had no effect at all. 
The minimum concentration of the pretreatment milk required for a large effect 
( less than 10 organisms per field ) on bacterial attachment to stainless steel was 
when the concentration was between 3 xlO"1 and 3 xlO"2 g.1'1 (between the 10'2 
and the 10"3 dilutions ).
0 1  2 3 4 5 6 7 8
Milk Dilution Factor ( x 1:10 )
Figure 6.11. Effect of the concentration of UHT skimmed milk used in the 
pretreatment of stainless steel surface on the attachment of S. aureus.
The concentration of individual milk proteins required for the same level 
of reduction in the numbers of S. aureus attaching as shown in Table 6.5. is about 
8 g.1'1 for a-casein. This figure cannot be compared to the figure from the dilution
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of milk experiment because of the complexity of the UHT milk solution. The 
proteins present in milk are in a different environment to the individual proteins, 
which have undergone separation and purification processes, and have been made 
up in % strength Ringer’s solution.
The order for the inhibition of S. aureus attaching to stainless steel for the five 
milk proteins used at a concentration of 8 g.l-1 is:-
k-casein h  a-casein > B-casein > B-lactoglobulin > a-lactalbumin.
6.4.4. The effect of raw milk on bacterial attachment
The UHT processing of milk includes a severe heat treatment, usually at 
130 - 150° C for between 1 and 5 seconds, which will cause modifications to some 
of the milk components. Some of the reported changes ( Morr, 1982 ) include; a) 
interaction of 8-lactoglobulin and k-casein via disulphide interchange, b) whey 
protein denaturation and aggregation, c) aggregation of casein micelles and 
denatured whey protein complexes and, d) Maillard browning from interaction of 
e-lysine and lactose.
To determine the effect of any of these modification due to the UHT 
processing, raw, unprocessed milk was compared with UHT and pasteurised milks. 
This experiment also provided the opportunity to examine the effect of the presence 
of different levels of fat in full-fat milk ( 3.9 % w/w ) and in skimmed milk (0.1 
% w/w ).
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6.4.4.1. Methods
The protocol was the same as that described in Section 5.2. except for the 
addition of extra stainless steel coupons for the pretreatment with raw 
whole milk ( Merrist Wood College, Surrey ), raw skimmed milk ( 
obtained by centrifugation of raw whole milk at 1,500 x g for 15 minutes 
at 4° C ), full-fat and skimmed pasteurised milk, and full-fat and skimmed 
UHT milk.
6.4.4.2. Results
Milk pretreatment No. S. aureu s
Control (no milk) 1324 ± 95
UHT skimmed 4 ± 2
UHT full fat 3 ± 3
Pasteurised skimmed 6 ± 2
Pasteurised full fat 5 ± 2
Raw skimmed 2 + 2
Raw full fat 3 ± 2
Table 6.7. Number of S. aureus attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different sample + standard deviation.
The different milks used for pretreatment of stainless steel in this
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experiment all reduced the numbers of S. aureus attaching to below 6 organisms 
per field ( Table 6.7. ). The changes to the milk proteins due to commercial 
processing of milk does not appear to alter the inhibition effect milk proteins have 
on the attachment of S. a ureus to stainless steel surfaces. The presence of fat in the 
milk also did not make any significant difference to the observed result.
6.4.5. The effect of modified milk proteins on bacteria attachment.
The conformation of the milk proteins adsorbed onto the stainless steel 
surface may play a role in its inhibitory effect on bacterial attachment. Possible 
conformations or spatial orientation of the surface bound proteins are shown in 
Figure 6.12,. The protein chains may be arranged totally flat on the surface in a 
single, or in multiple layers, or they may be attached to the surface by short 
sections with loop and trains extending into the solution, or the chains may be 
arranged "standing upright" on the surface. The orientation will depend on the 
interactions of the individual characteristics of the protein, the surface, and of the 
surrounding medium.
Heat treatment and treatment with formaldehyde was applied to the milk 
proteins adsorbed onto the stainless steel surface in an attempt to determine the 
involvement of loops or ends of the protein chains, which may be extending into 
the solution, in the inhibitory effect of the proteins on the attachment of S. a ureus  
to stainless steel. It is thought that treatment with formaldehyde would cause cross- 
linking ( methylene bridges ) of any kjjse ends or loops of the protein chains 
preventing them from taking part in interactions such as steric hindrance. The 
objective of the heat treatment was to denature any structured protein to produce 
random coils thereby altering the protein characteristics.
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Figure 6.12. Various models for the conformation of macromolecules on a 
surface: (A) Chain lying flat on the surface; (B) chains lying in layers on the 
surface; (C) chain adsorbed by short section with loops and ends extending into 
the solution; and (D) chains standing on end.
6.4.5.1. Method
The protocol was the same as that described in Section 5.2. except for the
addition of the extra protein modification procedure after the pretreatment
of the stainless steel stage. The three different modification procedures
were; 1) formaldehyde: the milk treated stainless steel coupons were
supported within a sealed container with cotton wool soaked in
34%
formaldehyde solution ( ) for 24 hours, 2) dry heat: the milk treated 
stainless steel coupons were placed in an oven at 100 °C for V2 hour, 3) 
steam: the milk treated stainless steel coupons were supported above boiling 
water bath for V2 hour.
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6.4.5.2. Results
The formaldehyde and dry heat treatments did not change the inhibitory 
effect of the adsorbed milk constituents on the attachment of S. aureu s  to stainless 
steel ( Table 6.8. ). The formaldehyde results suggest that any loops or tails that 
had been extended into the solution may not be involved in the inhibitory effect or 
that no loops or trains were present in the first place. Treatment with steam 
reduced the inhibitory effect as the number of bacteria attached was 360 bacteria 
per field instead of less than 10. This decrease in the effect may be due to the 
removal of some of the adsorbed components due to the steam treatment rather 
than any other effect.
Milk treated steel Clean steel
Control 3 ± 2 1140 + 109
Formaldehyde 4 ± 2 1186 + 100
Heat ( dry ) 2 + 2 1092 ± 75
Heat ( steam ) 360 + 18 1207 + 89
Table 6.8.. Number of S. aureus attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different sample ± standard deviation.
6.5. Effect of surface texture and steel composition on bacterial attachment
The stainless steel used throughout this project was of the AISI 304 type 
polished to an 8 /x-inch finish with an Ra of 0.27/xm ( where Ra is the arithmetic
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mean deviation of the profile: British Standard 1134 ). The underside of the 
stainless steel is unpolished and has an "orange-peel" texture due to the grain 
boundaries. The two surface textures are shown in Figures 6.13. to 6.16.. The 
"lay", a term applied to the directional marks constituting the topography of the 
surface, of the polished surface can be clearly seen with the naked eye whereas the 
"orange peel" texture is not easily discernible.
The surface profile of the polished stainless steel with a Ra value of 0.27^m 
as determined with a Talysurf 4 instrument ( Rank Taylor Hobson, UK. ) is shown 
in Figure 6.17.. The profile obtained by the Talysurf is not as detailed as the visual 
impression obtained by scanning electron microscopy (SEM) as shown in Figures 
6.13 and 6.15.. This is not surprising since the resolution of the SEM which uses 
electrons is much greater than the resolution of the Talysurf which uses a stylus 
for profiling.
The chemical composition of AISI 304 and 316 is given in Table 2.1.. The 
major difference between the two is the addition of 2.5 - 3.5 % of molybdenum 
in the AISI 316 stainless steel. The effects of surface textures and the difference 
in the chemical composition on the attachment of S. aureu s  to stainless steel was 
examined in this experiment.
6.5.1. Method
The protocol was the same as that described in Section 5.2. except for the 
additional AISI 316 steel coupons and the enumeration of the underside of 
the AISI 304 coupons.
- 137 -
Figure 6.13 SEM of polished steel
F ig u re  6.14 S E M  of un -po lish ed  s tee l
Figure 6.16 SEM of un-polished steel
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Figure 6.17. Surface profile of stainless steel (RA=0.27/mi) 
Top: Direct readings from Talysurf 
Bottom: Scales adjusted to show relation to size of bacteria
6.5.2. Results
The difference between the polished texture and the unpolished texture had 
a pronounced effect on the number of S. aureus attaching to clean stainless steel 
( Table 6.9. ). The unpolished surface had about one quarter of the number of 
organisms attached as the polished surface. This difference due to the surface 
texture was not observed with the milk treated stainless steel surface, both surfaces 
had an average of five or less organisms attached per field. The polishing process 
may have altered the chemical composition of the surface ( changes to the oxide 
layer ) or it may have altered the surface profile at a lower level than that observed 
by SEM ( formation of molecular sized ridges and troughs ) to assist bacteria 
attachment but this seems rather unlikely.
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No significant difference was observed between the AISI 304 and the AISI 
316 stainless steels. This suggest that either the molybdenum exhibits the same 
properties as the other metals in stainless steel or that the small amount that is 
present has no influence on the attachment process.
Milk treated steel Clean steel
Polished (8 /x-inch) AISI 304 2 ± 2 1294 + 105
Unpolished AISI 304 5 + 3 347 ± 25
Unpolished AISI 316 10 ± 3 378 ± 43
Table 6.9. Number of S. aureus attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different sample ± standard deviation.
Figure 6.18. shows a scanning electron micrograph of S. aureu s  attached 
to clean polished AISI 304 stainless steel. The organisms appeared to be randomly 
arranged on the surface. No visual alignment of the organism with the surface 
texture could be seen. Figure 6.19. shows the attachment of S. aureu s  to a piece 
of corroded, unpolished AISI 304 stainless steel. In this case it can be clearly seen 
that the organisms are capable of lying in the crevices. The crevices of a new piece 
of stainless steel are narrow and shallow as shown in Figure 6.16. and would not 
allow the harbourage of bacteria. The amount of corrosion on the unpolished 
stainless steel surface may play an important part in the attachment of bacteria due 
to the widening of these crevices
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Figure 6.19 SEM of S.aureus on corroded steel
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6.6. Summary
1) The hydrophilicity of the stainless steel surface is reduced by a small amount 
on adsorption of organic constituents from milk.
2) XPS confirmed that organic constituents have adsorbed onto the surface of the 
stainless steel surface.
3) All of the major milk proteins were present in the adsorbed organic layer on the 
surface of the stainless steel.
4) The order of inhibition of S. aureus attaching to stainless steel is:-
a-casein «  k-casein > 8-casein > 8-lactoglobulin > ce-lactalbumin.
5) The concentration of protein required to reduce the number of S. aureu s  
attached to stainless steel to less than 10 organisms per field ( 0.0164 mm'2 ) is 
8 g.l'1 for individual proteins ( a-casein & k-casein ) dissolved in % strength 
Ringer’s solution but for diluted milk solution the concentration is between 0.03 
and 0.3 g.l"1.
6) No difference in the number of S. aureus attached to stainless steel was 
observed when full fat milk was used in place of skimmed milk or when raw 
unprocessed milk was used in place of UHT milk.
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CHAPTER 7. 
INVESTIGATIONS INTO THE ROLE 
OF THE BACTERIAL SURFACE COMPONENTS 
IN THE ATTACHMENT OF S. AUREUS 
ONTO STAINLESS STEEL.
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7.1. Introduction
The chemical structure of the bacterial surface presented to the surface of 
stainless steel is difficult to define. An idea of the types of chemical compounds 
that may be presented can be acquired by looking at the chemical compositions of 
the individual components that make up the bacterial cell surface.
The cell walls of bacteria fall into two basic types corresponding to their 
response to the Gram staining reaction. This staining method consists of treating 
a dried and fixed film of bacteria with gentian violet followed by a KI-I2 solution 
to form a purple complex in the organisms. Subsequent treatments with polar 
solvents such as acetone or alcohol removes the complex from some species - the 
Gram negatives, but not from others - the Gram positives. Some bacteria do not 
strictly adhere to this scheme and the age of a bacterial culture is known to affect 
the way in which the bacteria respond to the reaction.
The cell wall of the Gram positive bacteria consists of a rigid outer layer 
( approx. 15 - 30 nm thick) and an underlying plasma membrane. The thick rigid 
outer layer is made up of peptidoglycan with other polymeric substances such as 
proteins, teichoic acids and teichuronic acid attached to it either directly or 
indirectly via phosphodiester bonds.
A schematic diagram of the basic structures is shown in Figure 7.1.. 
Lipoteichoic acids are also associated with the cell wall. The lipid portion of the 
molecule is attached to the cytoplasmic membrane whilst its hydrophilic portion 
extends through the peptidoglycan layer, even reaching the exterior in some cases.
7. Bacterial Surface
Figure 7.1. Schematic diagram of the cell wall of Gram positive bacteria. 
PG: Peptidoglycan, PM: Plasma membrane, SP: Secondary polymer, P: 
Proteins, T: Teichoic acid, Lt: Lipoteichoic acid, and G: Capsular material
( from Wicken, 1985 ).
W: turnover products, Pf: fibrillar protein.
- 146 -
7. Bacterial Surface
The multi-layered structure of the cell wall of the Gram negative bacteria 
( Figure 7.2. ) consists of an outer membrane ( made up of lipopolysaccharides, 
proteins, phospholipids and lipoproteins), a thin layer of peptidoglycan, a 
periplasmic space, and an inner plasma membrane. Also present on the cell wall 
of some Gram negative bacteria are surface appendages such as flagella, fimbriae, 
and pili.
Figure 7.2. Schematic diagram of the cell wall of Gram negative bacteria. OM: 
outer membrane, PG: peptidoglycan, P: periplasm, PM: plasma membrane, 
LPS: Lipopoly saccharide, F: fimbriae, B: basal body of flagella 
( from Wicken, 1985 ).
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Many species of bacteria, both Gram positive and Gram negative, are also 
capable of producing extracellular polymeric substances which will affect the 
physiochemical characteristics of the bacterial surface. These substances have been 
given a variety of descriptive terms such as slime layers, capsules, microcapsules 
and bacterial glycocalyx ( Costerton et a l . , 1981 ).
The structure of the peptidoglycan in S. aureus is a cross-linked polymer 
comprising linear strands of Bl-4-linked N-acetylglucosaminyl-N-acetylmuramyl 
dimers covalently cross-linked by a tetrapeptide (L-alanine, D-glutamine, L-lysine, 
and D-alanine) and a pentaglycine bridge peptide as shown in Figure 7.3..
Figure 7.3. Structure of peptidoglycan in S. a u re u s .
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The teichoic acid in S. aureus consists of poly ( a -  or B- N-acetyl 
D-glucosaminyl ribitol phosphate ) with an average chain length reported to be 
about 10 repeat units varying from 14 to 40 units ( Archibald, 1972 ). 50 - 60 % 
of the ribitol residues in teichoic acid bear D-alanyl substituents as shown in Figure
7.3.. Lipoteichoic acids, which are closely related to the teichoic acids, consist of 
a ribitol teichoic acid linked at one end to a glycolipid. The lipid group is attached 
to the cytoplasmic membrane below the peptidoglycan layer. The phosphodiester 
bridging groups present make the teichoic acids and lipoteichoic acids strongly 
negatively charged. Since both of these two acids may extend beyond the 
peptidoglycan layer into the suspending medium and some are even released they 
will have a large influence on the overall surface charge of the S. a u reu s. The 
lengths to which the teichoic and lipoteichoic acids are extended into the 
suspending medium will also play a large part in the interaction between the 
bacterium and other surfaces.
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Figure 7.4. Structure of the wall teichoic acid of S. aureu s  
( R = a -  or B-N-acetylglucosaminyl).
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Abbott e t al. (1983) found that lipoteichoic acid mediated the attachment of 
S trep to co ccu s m u ta n s  to negatively charged surfaces ( glass ) via Ca2+ bridges. 
The attachment of S trep to co ccu s p y o g e n e s  to host epithelial cells occurs via the 
interactions of the bacterial surface-bound lipoteichoic acids ( LTA ) and M 
proteins with the host cell fibro nectin ( Courtney et a l . , 1990 ).
Protein A is exclusively found in S. aureus, it is present in over 90 % of 
S. a u reu s  strains ( Cohen, 1972 ). The protein occurs covalently bound to the 
peptidoglycan or excreted into the medium. It has a molecular weight of 
approximately 42,000 Daltons and has an extended shape. Protein A contain 
repetitive regions which can bind the Fc fragments of certain immunoglobulins.
The cell wall of the Gram positive bacterium S. a u reu s  is composed of 
approximately 40-60% peptidoglycan, up to 40% teichoic and/or teichuronic 
acids, and up to 30% protein A ( Archibald, 1972 ). Some strains of S. a ureus  
have been reported as having a clearly defined capsule ( Wiley, 1972; Sutra e t a l . , 
1990 ) and Wilkinson ( 1983 ) reported the production of an exopolysaccharide 
slime layer as well as a capsule in some strains of S. a u reu s  in response to 
particular nutritional and growth conditions.
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7.2. Determination of capsule around S . a u re u s  by the Indian ink method ( 
Norris & Swain, 1971).
Since bacterial capsule is the outer-most structure it was the first to be 
examined. The Indian ink stain method for bacterial capsules is a negative stain 
method, that is the background is stained rather than the capsule. A capsule will 
appear as a halo surrounding the counter-stained organism because the ink particles 
will be unable to penetrate the capsular gel. However, due to the high water 
content of bacterial capsules, procedures such as fixation and staining may lead to 
the shrinkage of the capsule layer ( Wilkinson, 1983 ).
7.2.1. Method
A drop of glucose solution ( 6 %  W/V) was placed on a slide, cleaned with 
alcohol, and sufficient organisms were added to make a thin suspension. A 
small drop of Indian ink was evenly mixed with the suspension. The 
preparation was then spread over the slide in a thin film using the edge of 
a glass slide. The dried film was fixed with methanol and counter-stained 
with methyl violet ( 1 % ) for 1 to 2 minutes. After washing off the excess 
stain with water and air drying the slide was examined under a light 
microscope with 100 X oil-immersion lens.
7.2.2.Results
The Indian ink preparations of S. aureus ( Figure 7.5. ) only shows the 
outline of the organism against a dark background of the ink particles. From the
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absence of a pronounced halo around any of the stained organisms it can be 
concluded that capsular material is absent around this strain of S. a u reu s  when 
grown under the stated conditions ( Section 2.3.1. ). Since there was no bacterial 
capsule around the S. a u reu s  the next step was to investigate the interactions of the 
teichoic and lipoteichoic acids found on the surface of the organism.
7.3. Teichoic acid and lipoteichoic acid
Three approaches were taken to determine the role of the teichoic acids in 
the attachment of S. aureu s  to stainless steel. The first approach was to remove the 
teichoic acid from the bacterial cell wall by using phosphodiesterase to breakdown 
the phosphodiester bonds which are present in teichoic acid. This would eliminate 
their participation in the attachment mechanism and show up in the results as a 
reduction in the numbers of organisms attached to clean stainless steel. The source 
of phosphodiesterase used was a commercially obtained crude extract of snake 
venom ( rattlesnake ).
The second approach was to bind the molecules of teichoic acids together 
with Concanavalin A so as they would no longer be able to take part in the 
attachment interactions. Concanavalin A from jack bean is one of a large group of 
plant proteins called lectins that havethe ability to bind to specific carbohydrates. 
It has a specific affinity for a-D-mannosyl and ce-d-glucosyl groups requiring the 
presence of Ca2+ and Mn2+ for activity. Concanavalin A was also shown 
( Archibald Sc Coapes, 1971 ) to interact with polysaccharides containing a - D- 
glucopyranosyl or a-D-mannopyranosyl substituents in which hydroxyl groups at 
positions 3, 4 and 6 are un-substituted. The hydroxyl group at position 2 can be 
substituted or replaced by an acetamido group without loss of affinity for
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Concanavalin A. The teichoic acid from S. a u reu s  possess a -D -N -  
acetylgluocosaminyl residues, which have free hydroxyl groups at position 3, 4 and 
6 and will be able to interact with Concanavalin A as illustrated in Figure 7.6..
Figure 7.6. Schematic diagram showing the binding of Con A to
bacterial teichoic acids.
( Adapted from Birdsell e t a h , 1975 )
The third approach was to saturate the system with lipoteichoic acid in an 
attempt to interfere with the bacteria/surface interactions. Lipoteichoic acid was 
found ( Aly e t a l., 1980 ) to reduce the number of S. a u reu s  attaching to nasal 
epithelia cells. This was thought to be due to the free lipoteichoic acid binding to 
epithelial receptor sites, thereby preventing them from interacting with lipoteichoic 
and teichoic acids located at the bacterial surface.
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7.3.1. Methods
7.3.1.1. Concanavalin A
A suspension of S. aureu s  ( approximately 108 cfu/ml ) in lA strength 
Ringer’s solution ( modified by the addition of CaCl2, MgCl2, and MnCl2 
at a level to give a final concentration of 0.02 M for each cation) prepared 
as described in Section 2.3.1. was divided into five equal amounts. 
Concanavalin A ( Type V, Sigma Chemicals Company Ltd. ) was then 
added to the bacterial suspension to make a series with final Concanavalin 
A concentrations as follows; 0, 100, 200, 400, and 800 /xg/ml. After 1 hour 
the suspensions were centrifuged at 1,500 x g for 15 minutes at room 
temperature and re-suspended in lA strength Ringer’s solution to yield 
between 1 - 2 x 108 bacteria per ml by spectrophotometric readings at 620 
nm ( OD620 nm 0.2 - 0.3 ). The series of bacterial suspensions were then 
used as described in Section 5.2, in addition to an untreated bacterial 
suspension.
7.3.1.2. Phosphodiesterase
A suspension of S. aureus in lA strength Ringer’s solution ( with 
approximate concentration of 108 cfu/ml) prepared as described in Section
2.3.1. was treated with phosphodiesterase in the form of crude extract of 
Rattlesnake venom (0.5 mg.ml "1, Sigma Chemical Company Ltd. ) at 37 
°C for 1 hour with gentle mixing every 15 minutes. The suspension was 
then centrifuged at 1,500 x g for 15 minutes at room temperature and re­
suspended in XA strength Ringer’s solution to yield between 1 - 2 x 108 
bacteria per ml by spectrophotometric readings at 620 nm ( OD620 nm
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0.2 - 0.3 ). The bacterial suspension was then used as described in Section
5.2. in addition to an untreated bacterial suspension. All of the equipment 
that had been in contact with the solution containing the crude snake venom 
was soaked in boiling water for 20 minutes to destroy any remaining 
phosphodiesterase.
7.3.1.3. Lipoteichoic acid
The protocol was the same as that described in Section 5.2. except for the 
addition of lipoteichoic acid ( Sigma Chemicals Company Ltd. ), at a 
concentration of 1 mg.ml"1, into the final bacterial suspension.
7.3.2. Results
The treatment of the bacterial suspension with Concanavalin A reduced the 
number of S. a ureus attaching to the clean stainless steel ( Figure 7.7. ) and 
increased the number S. a ureus attaching to milk treated stainless steel ( Table
7.1. ). The reduction in the number of organisms attaching to the clean stainless 
steel varied with the concentration of Concanavalin-A. At the lowest concentration 
of 100/ig.ml"1 the reduction in numbers was small ( only 20% ) whilst at the 
highest concentration of 800 jug.ml"1 the reduction in numbers was significantly 
greater (97% ).
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C o n c e n tr a t io n  o f  C o n  A  ( m g /m l )
Figure 7.7. Effect of Concanavalin A on the attachment 
of S. aureu s  to clean stainless steel.
( Average of 36 fields from 3 different samples ± SD )
Clean steel Milk treated steel
Va Strength Ringers’ 1139 ± 209 3 ± 2
Concanavalin A See Figure 7.7. 26 ± 10
Phosphodiesterase 26 ± 7 1 ± 0.7
Lipoteichoic acid 1073 ± 47 5 + 4
Table 7.1. Number of S. aureus attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different sample ± standard deviation.
A plausible explanation for this is that at the lowest concentration of 
100/xg.ml"1 where there are about 6 million molecules of Concanavalin A
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molecules available per organism ( see Appendix 3 for calculations ) only some of 
the teichoic acids are bound together and eliminated from the attachment process. 
As the concentration of Concanavalin A increases, more of the teichoic acids are 
bound. At a concentration of 400/xg.ml"1 the rate of binding appears to decrease 
due to the fact that the easily accessible teichoic acid molecules are already bound 
and the remaining teichoic acid having limited accessibility. At the highest 
concentration of 800jug.ml_1, where there are about 24 million molecules available 
per organism, the system is saturated with Concanavalin A and most of the teichoic 
acids are bound.
The phosphodiesterase treatment on the S. aureu s  suspension reduced the 
numbers of organism adhering to the clean stainless steel to about 3% of the 
control sample. No significant change was observed with the milk treated stainless 
steel coupons. This indicates that the breakdown of phosphodiester bonds in the 
compounds on the surface of S. aureu s  has a serious consequence on the 
attachment to clean stainless steel but not to the milk-treated stainless steel. Since 
the teichoic acid is the predominant surface-located compound that contains a 
substantial number of phosphodiester bonds it can be assumed that the teichoic acid 
holds an important role in the attachment of S. a ureus  to clean stainless steel.
The presence of lipoteichoic acid ( 1 g.1'1 ) in the suspending medium 
showed no significant effect on the attachment of S. a ureus to stainless steel when 
compared to the control samples. The reason for this may be due to the strong 
amphipathic character of the lipoteichoic acid, thus resulting in its preferential 
adsorption on to the walls of the glass bottle and the formation of micelle type 
structures and hence impeding it from taking part in the process of bacterial 
attachment to stainless steel.
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7.4. Discussion
Since the surface of the S. aureu s  used in this project does not contain a 
capsular layer, it can be concluded that capsular material takes no part in this 
attachment mechanism. Examination of S. aureus attached to stainless steel 
surfaces by scanning electron microscopy showed no signs of the production of 
exocellular polymeric substances ( see Figures 5.1,, 5.2., 6.18., 8c 6.19. ) such 
as those that have been described by Marshall e t al. (1971), Fletcher 8c Floodgate 
(1973), Rutter 8c Abbott (1978), Costerton & Irvin (1981), Wrangstadh e t al. 
(1986), Busscher & Weerkamp (1987), Herald 8c Zottola 1988 8c 1989, Lewis e t  
al. 1989, and Mafu et al. (1990) for the attachment of bacteria to hard surfaces. 
This rules out the final step of the mechanisms for the initial attachment of bacteria 
to solid surfaces as described by Marshall e t al. (1971) and Busscher 8c Weerkamp 
e t al. (1987).
The mechanism reported by Marshall e t a l., (1971) was defined as a two 
step sequence comprising an instantaneous "reversible" phase and a time-dependent 
"irreversible" phase. The former was defined as a rapid but weak attraction to the 
surface as a result of the London-van der Waal’s attractive and the electrostatic 
repulsive energy as described by the DLVO theory (see Chapter 1.). The latter was 
defined as a firm, strong attraction due to the formation of extracellular polymeric 
substances.
Busscher and Weerkamp (1987) proposed a three point hypothesis for the 
bacterial attachment mechanism which was related to the distance between the 
bacteria and the surface ( Figure 7.8. ).
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Firstly, at distances greater than 50 nm between the bacteria and the surface 
van der Waal’s forces operate to reversibly hold the bacteria. Secondly, at 
distances between 10-20 nm both van der Waal’s and electrostatic interactions 
occur together. This is associated with the change from reversible attachment to 
essentially irreversible attachment. Thirdly, at distances less than 1.5 nm between 
the bacteria and the surface, electrostatic and specific interactions occur producing 
irreversible attachment. The specific interactions include the formation of adhesive 
materials such as the exopolysaccharides.
LIQUID MEDIUM
□
b~
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l~ W CD □ (/)
>50nm
A B C
Figure 7.8. 3 point hypothesis of bacterial attachment. A >50 nm Van der 
Waals forces. B 10 - 20 nm Van der Waals and electrostatic interactions.
C < 1.5 nm electrostatic and specific (from Busscher & Weerkamp, 1987)
The two theories assume that both the bacteria and the surface were 
negatively charged and thus, when applying the DLVO theory, an energy barrier 
would prevent the bacteria from making contact with the solid surface ( see Figure
1.2. ). The surface of the S. aureu s  does have large numbers of negatively charged 
components but it also has a number of positively charged components. The 
surface of stainless steel, consisting mainly of the oxides of chromium, nickel and
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iron, is negatively charged but when cations are present in the medium: some of 
the cations will be attracted to and will bind to the oxide layer and impart some 
positive charge to the stainless steel surface. This will allow the formation of 
multiple ion pair bonds between the bacteria and the clean stainless steel surface 
( Figure 7.9. ) thus allowing the bacteria to attach to the stainless steel surface.
Figure 7.9. Multiple ion pairs model for bacterial attachment.
( Adapted from Doyle e t  a l ., 1990 )
On the surface of the milk-treated stainless steel the adsorbed milk proteins 
may prevent the bacteria from reaching the charged surface ( Figure 7.10 ) by 
steric hindrance (Ho, 1986 ).
The treatment of the bacterial suspension with Concanavalin A and with 
snake venom containing phosphodiesterase significantly reduced the attachment of 
S .  a u r e u s  to clean stainless steel. Since both of the treatments affect the teichoic 
acid it can be concluded that teichoic acid is important in the attachment of S .  
a u r e u s  to clean stainless steel.
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Figure 7.10. Model for surface adsorbed proteins 
preventing bacterial attachment.
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C H A P T E R  8 .  
I N V E S T I G A T I O N S  I N  T O  T H E  R O L E  O F  
T H E  S U S P E N D I N G  M E D I U M  O N  T H E  
A T T A C H M E N T  O F  S .  A U R E U S  O N  T O  
S T A I N L E S S  S T E E L  S U R F A C E S .
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8.1. Introduction
The suspending medium in which the adhesion of bacteria to a surface takes 
place is important for several reasons;
a) The ionic strength of the medium has a large effect on the total interaction 
energy.
b) Changes in pH will affect the activity of ionic groups both on the bacterial 
surface and on the substrate.
c) Viscosity will affect the rate of transport of bacteria to the surface.
d) The temperature will affect the physiology of the bacteria.
e) The nutritional value of the suspending medium will affect the physiology of the 
bacteria.
The ionic strength of the suspending medium was shown by Marshall e t  a l .  
(1971) to have a large influence on the separation distance between a surface and 
an approaching bacterium. The series of curves in Figure 8.1. shows that 
decreasing the electrolyte concentration ( increasing values of 1/K ) results in the 
increase of the resultant repulsion curve and the increase in particle separation 
distance. It also shows that at high electrolyte concentrations, ie when the double 
layer is compressed, a secondary minimum ( attractive trough ) is apparent. 
Marshall e t  a l .  (1971) suggested that bacteria approaching a surface will be 
temporarily held at this secondary minimum, at a small finite distance ( 5 - 
10 nm ), by an attractive force which may not be sufficient to hold the bacteria
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against the shearing effect of the rinsing process. Since the bacteria may be 
released back into the suspending medium this phase was termed the ’reversible5. 
For firm adhesion ( irreversible phase ) to take place it was suggested that bacteria 
must be held at the secondary minimum, where, the polymeric substances produced 
at the bacterial surface may bridge the gap between the bacteria and the adhesion 
surface.
Figure 8.1. Energy of interaction between a surface and a bacterium at 
different electric double layer thicknesses ( Marshall e t  a l ., 1981 ).
Abbott e t  a l .  (1983) showed that the deposition of bacteria onto solid 
surfaces was dependent on ionic strength of the suspending medium.
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8.2. Influence of V a  strength Ringer’s solution on bacterial attachment
All of the previous attachment experiments were carried out using Va 
strength Ringer’s solution as the base of the suspending medium. An investigation 
into the influence of the individual components in Va strength Ringer’s solution was 
carried out using RO water as a blank control. The chemical composition of Va 
strength Ringer’s solution is 0.225% NaCl, 0.0125% KC1, 0.012% CaCl2.6H20  
and 0.005% NaHC03.
8.2.1. Method
The protocol was the same as that described in Section 5.2. except for the 
replacement of the Va strength Ringer’s solution used in the preparation of 
the bacterial suspension with the individual solutions ( NaCl ( 40 mM ), 
KC1 ( 1.4 mM ), CaCl2 ( 0.6 mM ), and NaHC03 ( 0.6 mM ). All the 
solutions were made up using AR grade chemicals dissolved in RO water 
and autoclaved before use.
8.2.2. Results
The results are shown in Table 8.1.. The numbers of S .  a u r e u s  attached to 
clean and milk treated stainless steel surface were extremely low ( less than 10 
organism per field ) when the attachment was carried in RO water. Low numbers 
of S .  a u r e u s  attached to clean stainless steel were found with the dilute solutions 
of KC1 (1.5 mM ) and NaHC03 ( 0.6 mM ). However, when the attachment was 
carried out in the dilute CaCl2 solution (0.6 mM ) the number of S .  a u r e u s
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attached to clean stainless steel increased to 27 organism per field and remained 
low at 3 organism per field for the milk treated stainless steel. This indicated that 
the attachment of S .  a u r e u s  may be enhanced by the presence of divalent cations 
since there are approximately equal numbers of Cl" in the KC1 and CaCl2
• • Isolutions. The divalent cation Ca may be acting as a bridging ion between the 
molecules of the bacteria with the stainless steel surface. Marshall e t  a l .  (1971) 
found that Ca2+ and Mg2+ were required for attachment of Pseudomonas R3 onto 
a glass surface.
Suspending solution Clean steel Milk treated steel
XA  Strength Ringers’ 1178 ±  203 3 ± 2
RO Water 8 + 3 3 ± 1
NaCl ( 40 mM ) 954 + 143 6 ± 2
KC1 ( 1.4 mM ) 14 + 3 2 + 2
CaCl2 ( 0.6 mM ) 27 + 7 3 ± 3
NaHC03 ( 0.6 mM ) 4 ± 2 1 ± 1
Table 8.1. Effect of suspending medium on the number of S .  a u r e u s  attached to
stainless steel ( per 0.0164 mm2 ).
Average of 36 fields from 3 different samples ± standard deviation.
With NaCl solution ( 40 mM ) the numbers of S .  a u r e u s  attached to clean 
stainless steel ( 954 ) was only slightly lower than that in the XA  strength Ringer’s 
solution (1178). This was expected since the NaCl accounts for 89% of the solids 
in the lA  strength Ringer’s solution.
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It can be concluded from this experiment that the attachment of S .  a u r e u s  
to clean stainless steel requires the presence of a certain concentration of ions in 
the suspending medium. The following experiments investigate the influence 
different cations and different ionic concentrations have on the attachment of S .  
a u r e u s  to clean and milk treated stainless steel surfaces.
8.3. Effect of different cations on bacterial attachment.
The effect of the presence of different cations on the attachment of S .  a u r e u s  
to stainless steel surfaces was examined by using NaCl, KC1, CaCl2 FeCl2,
MgCl2, and MnCl2 solutions to make up the suspension medium.
8.3.1. Method
The experimental protocol for this was the same as that described in Section 
8.2. except for the use of different solutions ( NaCl (0.04 M), KC1 (0.04 
M), CaCl2 (0.04 M), CaCl2 (0.02 M), FeCl2 (0.02 M), MgCl2 (0.02 M), 
and MnCl2 (0.02 M )) to make up the bacterial suspending medium.
8.3.2. Results
The results are shown in Table 8.2.. All of the solutions used yielded high 
numbers ( around 1000 organism per field ) of S .  a u r e u s  attaching to clean 
stainless steel. The di-valent cationic solutions were also able to facilitate the 
attachment of S .  a u r e u s  to milk treated stainless steel to varying degrees. The
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Ca2+ allowed the highest number of organisms ( above 600 organism per field ) 
to attach to the milk treated surface whereas the Mg2+ and Mn2+ only yield 68 
and 42 organisms per field respectively.
Suspending solution Clean steel Milk treated steel
XA  Strength Ringers 1294 ± 185 5 ± 3
NaCl (0.04 M) 1054 ± 143 6 ± 2
CaCl2 (0.04 M) 1109 ± 123 630 ± 51
CaCl2 (0.02 M) 1213 ± 69 646 ± 85
FeCl2 (0.02 M) 939 ± 191 247 ± 58
KC1 (0.04 M) 1042 ± 53 3 ± 2
MgCl2 (0.02 M) 1089 ± 187 68 ± 33
MnCl2 (0.02 M) 1366 ± 216 42 ± 23
Table 8.2. The effect of cations on the number of S .  a u r e u s  attached to 
stainless steel ( per 0.0164 mm2 ).
Average of 36 fields from 3 different sample ± standard deviation.
Teichoic acids from S .  a u r e u s  have been reported ( Heptinstall e t  a l . , 1970 ) 
to bind to cations, especially divalent cations, via the phosphate group. The alanine 
residues on the ribitol were shown to reduce this ability to bind cations due to 
steric reasons. The ionic radii of the cations ( Cotton & Wilkinson, 1980 ) are; 
K+ ( 0.133 nm ), Ca2+ ( 0.106 nm ), Na+ ( 0.098 nm ), Mn2+ ( 0.091 nm ), 
Fe2+ ( 0.083 nm ), Fe3 + ( 0.0053 nm ), Mg2+ ( 0.078 nm ) and the anion Cl' is 
0.18 nm. The observed effect of the Ca2+ with the milk-treated stainless steel
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surface may be due to its charge because Na+ has the nearest ionic radius 
( difference of 0.008 nm ) but it is unable to facilitate the attachment of bacteria 
to milk treated steel. Mn2+ is closer in size to Ca2+ than Fe2+, but since Fe2+ 
is unstable under aerobic conditions it would be converted to Fe3 + and so the 
larger effect observed than with Mn2+ would be expected if the effect is related 
to the charge of the cation rather than to the atomic radii.
The effect of different cations on the attachment of S .  a u r e u s  to clean 
stainless steel appears to be less significant than that with the milk treated stainless 
steel. The S .  a u r e u s  was able to attach to clean stainless steel in large numbers ( 
above 900 organisms per field ) for all of the solutions.
8.4. Effect of calcium ions on bacterial attachment.
Since Ca2+ yielded significantly higher numbers of S .  a u r e u s  attaching to 
milk treated stainless steel than the other cations it was decided to examine its 
influence over a range of concentrations.
8.4.1. Methods
The experimental protocol was the same as that described in Section 8.2. 
except for the use of different solution to make up the bacterial suspending 
medium. A dilution series of calcium chloride solutions ( 1 M, 0.5 M, 
0.1 M, 0.05 M, 0.01 M, 0.005 M, and 0.001 M ) was used.
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8.4.2. Results
Clean steel  Milk treated
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Figure 8.2. Effect of the concentration of CaCl2 of the suspending medium 
on the attachment of S .  a u r e u s  to stainless steel surfaces.
The results are shown in Table 8.3. and Figure 8.2.. The optimum 
concentration of Ca2 + for the attachment of S .  a u r e u s  to milk treated stainless steel 
is between 0.01 M to 0.05 M, whereas, the attachment of S .  a u r e u s  to clean 
stainless steel remains fairly constant over the range 0.005 M to 0.5 M.
The number of S .  a u r e u s  attaching to clean stainless steel is reduced when 
the concentration of the suspending medium is at 1 M. This may be attributed to 
the fact that in water ion-pairs begin to form at this concentration ( Koryta, 1991 ) 
and this would restrict the availability of the free ions to take part in bacterial 
attachment.
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Calcium concentration Clean steel Milk treated steel
1 M 711 ± 4 9 210 ± 30
0.5 M 1233 ± 144 78 ± 12
0.1 M 1306 ± 234 220 ± 22
0.05 M 1317 ± 223 379 ± 56
0.04 M (*) 1109 ± 123 630 ± 51
0.02 M (*) 1213 ± 69 646 ± 85
0.01 M 1389 ± 25 45 ± 17
0.005 M 1294 ± 186 8 ± 3
0.001 M 439 ± 51 1 ± 1
Table 8.3. Effect of CaCl2 concentration on the attachment of S .  a u r e u s  to 
stainless steel surfaces ( per 0.0164 mm2 ). (*) = from Table 7.3. 
Average of 36 fields from 3 different sample ± standard deviation.
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8.5. Effect of osmotic pressure on bacterial attachment
Another possible reason for the lack of S .  a u r e u s  attaching to stainless steel 
when the bacterial solution was made up in RO water as observed in Section 8.2. 
could be related to the osmotic pressure of the solution. In this experiment sucrose 
solution was used at a concentration of 4.0 %  w/w ( equivalent osmolarity to XA  
strength Ringer’s solution ) to briefly examine if the osmotic pressure affected the 
attachment of S .  a u r e u s  to stainless steel ( see Appendix IV for osmolarity 
calculations ).
8.5.1. Method
The experimental protocol was the same as that described in Section 8.2. 
except for the use of sucrose solution ( 4.0 % w/w ) to make up the 
bacterial suspending medium.
8.5.2. Results
The attachment of S .  a u r e u s  to stainless steel is not significantly affected by 
the addition of sucrose to the bacterial suspension. The numbers of the S .  a u r e u s  
attached to clean stainless in XA  strength Ringer’s solution is reduced probably as 
a result of the increase in viscosity of the solution. This would reduce the 
movement of the bacteria and thus the numbers of bacteria making contact with the 
surface. The sucrose solution in RO water did not significantly increase the 
numbers of S .  a u r e u s  attached to clean or milk treated stainless steel surfaces.
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Suspension medium Clean steel Milk treated steel
V4 Strength Ringer’s 1034 ± 205 5 ± 3
Ringer’s + sucrose 913 ± 106 4 + 2
RO water + sucrose 34 + 5 4 ± 3
RO water 26 ± 7 8 ± 4
Table 8.4. Effect of sucrose on the number of S .  a u r e u s  
attached to stainless steel ( per 0.0164 mm2 ).
Average of 36 fields from 3 different sample ± standard deviation.
The osmotic pressure of the suspending solution does not appear to play a 
significant role in the attachment of S .  a u r e u s  to stainless steel.
8.6. Effect of pH on bacterial attachment
The simplest amino acid is glycine or 2-aminoethanoic acid. Its formula is 
NH2CH2COOH, which has an acidic group ( -COOH ) as well as a basic group 
( -NH2 ) in the molecule. In strongly acidic medium glycine is present in the form 
NH3+CH2COOH. At low pH one hydrogen ion is split off due to the protolytic 
reaction;
NH3+CH2COOH + H20  = NH3+CH2COCr + H30" 
resulting in a particle containing both a positive and negative charge called a 
zwitterion. At high pH a further protolytic reaction occurs;
NH3+CH2COO" + H20  = NH2CH2COO’ + H30  +
The zwitterion is the prevailing form of glycine in the pH range between 4 and 8.
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The carboxylic group of glycine is more acidic than that of acetic acid because of 
the repulsive action of the positively charged NH3+group on the hydrogen ion 
present in the carboxylic group. The -NH2 group is more basic in glycine than in 
ammonia because the carboxylate group (-COO") electrostatically stabilizes the 
hydrogen ion in the ammonium group, -NH3+ .
Peptides are formed from amino acids by the condensation reaction of the 
amino group of one amino acid with the carboxylic group of another resulting in 
a peptide bond. If the peptide is derived from amino acids that only have one 
amino and one carboxylic group then the resulting chain will only include ionizable 
groups at each end.
However, in proteins there frequently occur amino acids with more than two 
ionizable groups, like histidine, glutamic and aspartic acids, and lysine, then the 
protein molecule will contain a large number of ionized or ionizable groups and 
is called a poly electrolyte. The ionic character of polyelectrolytes is dependent on 
the pH of the suspending medium.
Since the teichoic acids on bacterial cell wails and the milk proteins 
adsorbed onto the stainless steel surface are both poly electrolytes, an investigation 
into the effect of pH on the attachment of S .  a u r e u s  to stainless steel surfaces was 
deemed necessary.
8.6.1. Methods
The protocol was the same as that described in Section 5.2. except for
adjusting the final bacterial suspensions to pH 2, 4, 7, 9, and 12 with
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minimal amounts of hydrochloric acid ( 1 M ) or sodium hydroxide ( 1 M ). 
Hydrochloric acid and sodium hydroxide were used to adjust the pH 
because HCl is a strong acid and NaOH is a strong base and thus only a 
small quantity would be required. Also they would not add any new 
elements into the suspending medium, since the elements hydrogen, 
chlorine, sodium and oxygen are already present in lA  strength Ringer’s 
solution.
8.6.2. Results
The effect of pH on the attachment of S .  a u r e u s  to clean and milk treated 
stainless steel is shown in Table 8.5.. On clean stainless steel the maximum 
numbers of S .  a u r e u s  attaching was obtained at pHs between 7 and 9 and at a pH 
of 2 the number of S .  a u r e u s  attaching was 18 % of the maximum number 
( pH 7 ). At a pH of 12 the numbers of attached S .  a u r e u s  decreased to about 6% 
of the maximum number ( pH 7 ).
pH Clean steel Milk treated steel
2 192 ± 32 42 ± 8
4 320 ± 46 19 ± 4
7 1049 ± 119 4 ± 3
9 1026 ± 123 1 ± 1
12 58 ± 19 22 ± 8
Table 8.5. Number of S .  a u r e u s  attached to stainless steel ( per 0.0164 mm2 ). 
Average of 36 fields from 3 different sample ± standard deviation.
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For the milk treated stainless steel the numbers of S .  a u r e u s  attaching were 
all very low (below 42 organisms per field) with the trend opposite to that found 
with clean stainless steel. That is the larger of these numbers appeared at pH 2 and 
pH 12 and the lower numbers at pH 7 and 9.
8.7. Discussion
When S t a p h y l o c o c c u s  a u r e u s  was suspended in RO water or in very low 
concentrations of salt solution, they did not attach to the stainless steel surfaces. 
There are two plausible explanations for this observation. The first is due to the 
formation of a large energy barrier as described by the DLVO theory ( see Section
1.1.1. ). In low ionic strength solution the electrical double layer will be large 
(Equation 6) and since the electrostatic repulsion force (Gg) is related to the 
thickness of the electric double layer (Equation 5), the total interaction energy 
(GTot) also be large thus forming a large energy barrier towards bacteria 
approaching the surface. If the bacteria are unable to reach the surface due to this 
energy barrier they will be preventing from making contact with and attaching to 
the stainless steel surface.
The second explanation is that in the solution containing low concentrations 
of salts there may be insufficient cations at the surface of the stainless steel for the 
bacteria to form multiple ion pair bonds that a re required for firm attraction 
( Section 7.3. ). Any bacteria that are weakly attached by only a small number of 
ion-pair bonds will be removed by the rinsing procedure, resulting in zero or very 
small numbers of bacteria attached to the stainless steel surface.
T h e d iva len t cation s w ere  ab le to fac ilita te the attachm ent o f  S. a u r e u s  to
8. Suspending Medium
the milk treated stainless steel surface as well as to the clean stainless steel surface. 
The divalent cations were able to do this by acting as bridging atoms between the 
cell surface components and the surface adsorbed milk proteins. The cation can 
form a "bridge" between the phosphates of the teichoic acid ( Heptinstall e t  a l . ,  
1970 and Abbott e t  a l . ,  1983 ) and the phosphate groups of the milk proteins 
thereby holding the bacteria onto the surface. The order of the ability of the di­
valent cations to facilitate attachment to milk treated stainless steel was found to 
be; Ca2+ > Fe3 + > Mg2+ «  Mn2+. The calcium cation yielded the largest 
number of bacteria attaching to milk-treated stainless steel probably because of the 
high affinity of the milk proteins for this ion.
The optimum concentration of calcium for the attachment of S .  a u r e u s  to 
milk-treated stainless steel is between 10 and 50 mM, whereas, in attachment to 
clean steel the concentration range was found to be wider: 5 to 500 mM. For the 
milk-treated stainless steel the optimum calcium concentration range is probably 
related to the electrical double layer thickness since this will partially determine 
how closely the bacteria can approach the surface.
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9.1. Discussion
The attachment of bacteria to surfaces in contact with milk can lead to 
serious problems in the dairy industry ( Kirtley & McGuire, 1989 ). Attached 
bacteria may be associated with the contamination of the product and lead to 
disease transmission and or economic losses due to product spoilage. The main 
sources of bacteria in the dairy industry are the surfaces of milking, storage, and 
transport equipment ( Druce & Thomas, 1972; Cousin, 1982; Palmer, 1982; 
Suarez e t  a l ., 1992 ).
The importance of good hygiene in the dairy industry cannot be over 
emphasised. However, even with the use of clean-in-place ( CIP ) operations the 
processes of cleaning and disinfection remain both a chore and a costly 
expenditure to the food manufacturer.
In order to reduce the possibility of bacteria contaminating the food products 
it is necessary to examine and understand the processes which enable the bacteria 
to retain a hold on the processing surfaces. Only then, can more economical and 
efficient cleaning and disinfection strategies be developed.
The process of bacterial attachment to solid surfaces is very complex and 
involves many separate factors ( Chapter 1. ). Each factor may by itself affect the 
attachment of bacteria to the surface in a predictable manner, but when two or 
more of the factors are combined the interactions between the different factors may 
or may not alter the individual effects, thus, making the overall effect on bacterial 
attachment very difficult to predict. In this study the effects of adsorbed milk 
constituents on the attachment of bacteria to stainless steel surfaces were examined.
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Factors which were known to affect bacterial attachment such as the growth phase, 
age of the cells, temperature and the pH of the suspending solutions were kept 
constant. Cell replication of attached bacteria was also kept to a minimum by 
suspending the bacteria in nutrient-free V a  strength Ringer’s solution. Initially a 
range of bacteria was studied but since S t a p h y l o c o c c u s  a u r e u s  was found to be 
affected the most, the latter experiments concentrated on this organism.
In Chapter 4 various methods for the enumeration of surface attached 
bacteria were examined with a view to selecting the most appropriate for use in 
this project. The ATP bioluminescence method appeared initially to be the ideal 
choice because the operating procedures are rapid and simple to perform ( Stannard 
& Gibbs, 1986; Miller & Galston, 1989; Senior e t  a l . ,  1989; Stanley, 1989 ) and 
the method has been successfully used in previous bacterial attachment experiments 
( Harber e t  a l . ,  1983; Johal, 1988; Blackburn e t  a l . ,  1989 ). Another advantage 
the ATP method has over the direct counting methods is that the sampling area is 
less restricted and problems associated with orientation of the samples or the length 
of edges are minimised. Even the major disadvantage of the ATP method 
( background ATP levels ) can be eliminated by performing the attachment 
experiments in control environments to avoid contamination by somatic cells.
However, ultimately the ATP method was not selected, but the direct 
epifluorescence microscopy ( DEM) method was chosen instead. The ATP method 
was rejected for three reasons;
a) The level of ATP in S .  a u r e u s  attached to stainless steel ( in Va strength 
Ringer’s solution ) was found to be as low as l/60th of the level determined in S .  
a u r e u s  during exponential phase in nutrient broth ( Section 4.2.2 ) and at this level 
of ATP, detection with accuracy was difficult and prone to large errors.
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b) The level of ATP in S .  a u r e u s  is not a constant. It is dependent on the
physiological state of the cell and in turn this may also alter the efficiency of the
extraction process, hence, the value obtained under a particular set of conditions
cannot be used for other conditions. Several different figures in the range 0.25 -
■'fin
63 x IO"15 g per cell for the value of ATP in S .  a u r e u s  have beAreported ( Sharpe 
e t  a l . , 1970; Lundin, 1982; Johal, 1988 ).
c) The ATP method was unable to detect non-viable organisms because the 
level of ATP in the cells is depleted. The viability of attached cells is dependent 
on the period of attachment and on the nutrient levels. Non-viable cells are also 
of importance in food industry hygiene because they may contain toxins which may 
still cause food poisoning ( Halpin-Dohnalek & Marth, 1989 ).
The effect of pretreatment of the stainless steel with UHT skimmed milk 
varied from no observable effect, for L a c t o c o c c u s  l a c t i s , P e d i o c o c c u s  p e n t o s a c e u s  
and the P s e u d o m o n a s  s p p . ,  to a reduction in numbers of M i c r o c o c c u s  f l a v u s ,  
S t a p h y l o c o c c u s  a u r e u s , and S t a p h y l o c o c c u s  e p i d e r m i d i s .  The effect with E s c h e r i c f l a  
c o l i  and L e u c o n o s t o c  m e s e n t e r o i d e s  could not be determined because these two 
bacteria attached in extremely small numbers whereas L a c t o b a c i l l u s  b r e v i s ,  L .  
p l a n t a r u m ,  M i c r o c o c c u s  l u t e u s ,  M .  l y s o d e i k t i c u s  and M .  r o s e u s  attached in clumps 
or in multiple layers making their enumeration impossible. The largest effect was 
observed on S .  a u r e u s  with a reduction in the number of attached cells from 7.54 
xlO4 mm-2 for the clean stainless steel down to 1.03 xlO3 mm"2 for the milk 
treated steel. This result is in agreement with that of Suarez e t  a l .  (1992) who 
found the numbers of S t a p h y l o c o c c u s  attaching to clean steel from a suspension in 
XA  strength Ringer’s solution to be 1.47 xlO4 mm"2 and when the S t a p h y l o c o c c u s  
was suspended in raw milk the numbers of attached cells fell to 4.5 xlO3 mm"2. 
However, they found that the numbers of P s e u d o m o n a s  attaching to stainless steel
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also fell when raw milk was used as the suspending medium which is different 
from the result obtained in this study. This difference in the result may simply be 
due to the difference in the experimental conditions. Since they suspended their 
bacteria in raw milk which has a high nutrient value, the bacteria will be in a 
different pysiological state than when they, are suspended in nutrient-free lA  
strength Ringer’s solution. Also the raw milk that was used in their experiments 
may have contained antibiotics or natural antibodies which may reduce the numbers 
of bacteria available for attachment to the stainless steel surface.
Speers & Gilmour, (1985) suggested that the attachment of bacteria to 
stainless steel was reduced by casein but increased by lactose, non-casein proteins 
and milk. However, since the results were given as the means of 15 different 
organisms ( 7 different species, including both Gram positives and Gram 
negatives ) they cannot be used to compare with the results from this study.
Quantitative analysis of the milk constituents adsorbed onto the stainless 
steel surface for carbohydrates and proteins ( Chapter 3 ) showed that;
a) the carbohydrates either did not adhere in appreciable amounts or were 
easily rinsed off, whilst
b) the proteins adsorbed at a level between 2.7 and 3.4 mg.m'2 within half 
an hour and were stable to simple rinsing procedures.
From this it would appear, based on the ability of the material to adsorb 
onto the stainless steel surface, that proteins will have the opportunity to affect the 
attachment of bacteria to surfaces, whereas low molecular weight carbohydrates 
will not. However, Speers & Gilmour (1985) have demonstrated that the presence
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of lactose in the bacterial suspending solution can result in an increase in the 
number of bacteria attaching to a solid surface.
Qualitative analysis of the adsorbed milk constituents by SDS-PAGE 
( Section 6.4.2. ) revealed that milk proteins adsorbed onto the stainless steel in 
approximately the same proportions as those in the bulk milk. Of the milk proteins, 
the caseins were more effective at inhibiting adhesion. The order of inhibition by 
the individual milk proteins on S .  a u r e u s  attaching to stainless steel was:- 
k-casein »  a-casein > B-casein > B-lactoglobulin > a-lactalbumin.
From the graph of the concentrations of casein plotted against the number 
of S .  a u r e u s  attaching to stainless steel as shown in Figure 6.10. the inhibitory 
effect of k-casein was greater than the other proteins. This enhanced inhibitory 
effect of k-casein may be explained in terms of its structural differences. All of the 
caseins are hydrophobic and have similar molecular weights ( Table 6.4. ). The 
predominant difference between them is that k-casein only posseses a single 
phosphorylated serine residue and as a consequence it is unable to bind Ca2+ to 
the same degree as the other caseins. This inability to bind calcium will mean that 
negatively charged teichoic acid on S .  a u r e u s  will not be able bind to the k-casein 
via a bridging ions such as Ca2+. k-Caseins also have carbohydrate moieties 
attached to their threonyl residues ( Swaisgood, 1982 ) and the presence of these 
carbohydrate chains may also prevent the bacteria from attaching to the protein due 
to steric hindrance ( Ho, 1986 ) caused by the interaction of the carbohyrate and 
teichoic acid chains.
The concentration of milk proteins required to reduce the number of S .  
a u r e u s  attaching to below 10 organisms per field (0.0164 mm"2 ) was found to be 
8 g.l-1 for a-casein 8 c  k-casein when the individual proteins were dissolved in %
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strength Ringer’s solution, but when milk proteins were used in their ’natural’ 
environment, by dilution of the milk, the concentration required was only between 
0.03 and 0.3 g.l"1. This discrepancy must be related to the differences between the 
environments in which the proteins were used. In milk, the majority of the proteins 
( ca. 80% ) are highly associated to form the casein micelle structures and only 
small amounts are unassociated in the solution ( Swaisgood, 1982 ). The whey 
proteins in solution only account for 20% of all the milk proteins ( Table 6.4 ) and 
even then some of the B-lactoglobulin is known to interact with k-casein via 
sulphydryl-disulphide interchanges ( Fox, 1982 ) on heating.
The milk environment also has different concentrations of cations from those 
of lA  strength Ringer’s solution. The most noticeable of these are the differences 
in the concentrations of calcium and potassium. This difference will have an effect 
on both the ionic strength and the pH of the solutions and thus will affect the three- 
dimensional structure of the dissolved proteins ( Swaisgood, 1982). The structures 
of a- and B- caseins and casein micelles are highly dependent on the levels of 
calcium in the solution whereas, the structure of k-casein is more stable to changes 
to the concentration of calcium because of the lack of phosphorylated serine 
residues.
XPS analysis of the stainless steel surface ( Section 6.3. ) has shown that 
an increase in the adsorbed protein layer, when the concentration of milk used for 
the pretreatment was between 10"5 and 10'3, coincided with a decrease in the 
numbers of S .  a u r e u s  attaching. This suggests that the amount of protein present 
on the surface is related to the degree of influence on the bacterial attachment 
process. The increase in the inhibitory effect of the protein layer to bacterial 
attachment as the concentration on the surface increased can be explained by the 
simplified view of how protein adsorbs onto surfaces depending on the bulk
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concentration. At low concentrations, the proteins are able to lie flat on the 
surface. As the bulk concentration increases more proteins are competing for the 
surface binding sites and hence only segments of the proteins remain at the surface. 
At saturation point only the ends of the proteins are able to attach to the surface. 
When the proteins are extended flat across the surface they exert little steric 
hindrance to the organisms in the bulk and therefore the bacteria are still able to 
attach to the surface. As the protein concentration increases more of the loops and 
trains of the proteins are extended into the solution thereby increasing the steric 
hindrance towards bacterial attachment and thus fewer bacteria are able to attact 
to the surface ( Robb, 1984 ).
The presence of various concentrations of calcium (II) ions ( Section 8.4 ) 
was found to affect the attachment of S .  a u r e u s  to clean and milk-treated stainless 
steel. On the clean stainless steel the calcium (II) ions appeared to have a uniform 
effect, over the concentration range 0.005 M to 0.5 M, of enabling the S .  a u r e u s  
to attach in high numbers ( above 1000 organisms per field ).
At a concentration of 0.001 M the numbers of S .  a u r e u s  attached decreased 
to below 500 organisms per field, this was probably due to the increase in the 
electrostatic interactions as described by the DLVO theory ( Section 1.1.1. ). At 
a concentration of 1 M the number of attached S .  a u r e u s  also decreased. This may 
be attributed to the formation of ion-pairs in solution which occurs at high ionic 
concentrations ( Koryta, 1991). The formation of ion-pairs in solution will reduce 
the attachment of bacteria to the stainless steel surface because the layer of positive 
ions on the the stainless steel surface ( Section 7.3. ), which is required for 
attachment, is reduced either by the withdrawal of cations into the solution by 
counter anions, or by the formation of a screening layer of negative ions.
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There are two possible explanations for the effect of the calcium (II) ion 
with the milk treated stainless steel;
a) At certain concentrations ( between 0.02 M and 0.5 M ) the calcium (II) 
ions were able to bind between the adsorbed milk proteins and the bacterial surface 
components acting as a bridging agent, or
b) the calcium (II) ions were stripping the adsorbed milk proteins off from 
the stainless steel, thereby allowing the S .  a u r e u s  to attach to the stainless steel.
The three bacteria ( S t a p h y l o c o c c u s  a u r e u s ,  S t a p h y l o c o c c u s  e p i d e r m i d i s ,  and 
M i c r o c o c c u s  f l a v u s  ) that did show a reduction in numbers with milk-treated 
stainless steel are all non-motile, Gram positive cocci belonging to the family 
Microccocaceae. This trio of bacteria was also the three which attached in the 
greatest numbers to clean stainless steel. This would suggest that the enhanced 
ability of these bacteria to attach to stainless steel may be related to the fact that 
their cell wall structures are similar ( described in Section 7.1. ).
The major differences between the cell surface structure of the three 
organisms are: S .  a u r e u s  has Protein A and teichoic acid which consists of 
polyribitols containing N-acetylglucosamine and alanine as substituents, whereas 
S .  e p i d e r m i d i s  does not have Protein A and its teichoic acid is a polyglycerol 
bearing glucose substituents. M .  f l a v u s  has neither Protein A nor teichoic acid, 
instead it has the polymer lipomannan which is an a-linked mannan with succinic 
acid substituents.
The common theme in this trio of bacteria appears to the presence of 
negatively charged polymeric chains on the surface of the cell. S .  a u r e u s  and S .
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e p i d e r m i d i s  have teichoic acids which have negativley charged phosphate groups 
all along the chain and the succinic acid substituents in the lipomannan of M .  f l a v u s  
are also negatively charged. The negatively charged polymeric chains on the surface 
of these cells will be able to form non-specfic bonds with the positively charged 
ions at the surface of the stainless steel. Since there are a large number of 
negatively charged groups on the polymeric chain, many of these non-specific 
bonds can occur, thus allowing the bacteria to attach firmly to the surface of the 
stainless steel.
In conclusion, the conditions used in this study allowed the attachment of 
bacteria which have negatively charged polymeric chains on the outer surface of 
their cells. The effect adsorbed milk constituents had was to inhibit the attachment 
process. This appeared to be occurring via the blocking or shielding of the binding 
sites from the bacterial surface components. The presence of certain divalent 
cations over a range of concentrations restored some of the attachment.
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9.2. Future Work
9.2.1. Effect on other contact surfaces
To use a series of materials which have specific surface energies ranging 
between those of clean and milk-treated stainless steel to determine if the decrease 
in the number of bacteria attaching to the surface is related to the change in surface 
energy. Also the examination of the attachment of bacteria to other materials used 
in the dairy industry will be important.
9.2.2. Computer modelling of interactions on the surface
Computer modelling can be constructively used in two ways to aid this study 
of the effect of milk on the attachment of bacteria to stainless steel surfaces. First, 
it may be used to predict possible interactions and second, it may be used to 
visualise experimental observations.
At the present time the exact three dimensional structures as defined by X- 
ray crystallography are not known for any of the milk proteins or their aggregates 
such as the casein micelles. The absolute structure of the bacterial cell surface is 
also unclear at the present time. However, current ’state of the art’ computer 
modelling programs are capable of predicting the tertiary structures of proteins 
from their amino-acid sequences by complicated calculations. They analyse the 
sequence by finding groups in the amino acid sequence which have known 
structures in a large database to produce a proposed structure. Then more 
calculations are carried out on hydrophobicity, charge distribution, and bond angles 
to correct the structure until the most feasible structure is arrived at. The proposed
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structure is not intended to be 100 % accurate, but should be good enough to use 
in modelling to aid in understanding the likely interactions occurring.
Once the three dimensional structures of the participating components have 
been determined, they can be manipulated in the computer to work out possible 
interactions. This is normally done by calculating the net interactions of two or 
more components as they are brought together. One can see instantly the effect of 
changing the orientation of the components. Changing the levels of interactions 
such as the ionic strength of the medium, is simply done by altering parameters in 
calculations of the computer program. The calculated predictions can then be 
compared with actual experimental results.
Alternatively, computer modelling can be used as a tool to work out and to 
visualise the feasibility of the predicted mechanisms for the experimental results. 
For example, in Section 6.4.3. the effect on the attachment of S t a p y l o c c o c u s  
a u r e u s  to stainless steel of the five milk proteins were found to be different. If one 
could look at the three-dimensional structure of the the proteins showing the 
locations of any hydrophobic / hydrophilic domains and / or the locations of 
polar / non-polar section and the locations of the charged groups on the protein 
surface then one may be able to see the cause of the inhibitory effect of the five 
milk proteins and how and why they differ from each other.
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Surface area of the stainless steel powder
These calculations were made to a rough estimate of the surface area of the 
10 g of stainless steel powder. The assumption is made that the shape of the 
particle is spherical and that all the particles have a diameter of 45 jum. The 
density of 18Cr/8 Ni stainless steel is taken as being 7930 kg.m-3.
The volume of a 45 p m  diameter sphere can be calculated using the equation;
Volume (V) of a sphere = ( 4 i r . radius3 ) / 3 .................. (1)
V = ( 4tt.( 22.5 xlO"6 )3 ) / 3
V = 4.77 xlO"14 m3 ..................................  (A)
The volume of 10 g of stainless steel can be calculated from the equation;
Density = Mass / Volume..................................(2)
which can be rearranged to;
Volume == Mass / Density 
V = 0.01 / 7930
V = 1.26 xlQ-6 m3 ...................................... (B)
The surface area of a sphere with radius r is given by;
Surface area of a sphere = 4 i r .  radius2 ....................... (2)
SA = 4ir.( 22.5 xlO'6 )2 
SA = 63x10~9 in2  (C)
The number of particles in 10 g of stainless steel can be obtained be dividing 
the volume of 10 g of stainless steel powder with the volume of a single 
particle ( B/A ). The total surface area of 10 g of stainless steel is equal to the
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number of particles multiplied by the surface area of a single particle, ie. 
( B/A ) x C. which comes to 0.168 m2 or 1680 cm2.
  ----------------------------------------------------------------------------------------------
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Effect of surface roughness on the contact angle .
If the surface of the solid is rough so that the true surface area is r times the 
apparent, the Young’s equation must be adapted to take this into account.
If the interface is moved forward so as to increase the apparent area of the SL 
interface by an area 5S, the true area of SL is increased by an area r5S, the 
true area of SV interface is decreased by r<5S, and the true (and apparent) area 
of the LV interface increased by 6S cos 0 r  We then have the equation 
rSL r5S + (rLV 5S cos0r) - rsvr5S = 0
where 0 r is the new contact angle. The surface roughness therefore increases 
the numerical value of cos0 by r-fold: this means that roughness increases the 
amount by which the angle differs from 90°.
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Calculation of the number of Concanavalin A molecules per organism for 
Section 7.2.2..
Molecular weight of Con A = 1.02 xlO5 
Concentration of Con A = 100 jul/ml 
Concentration of bacteria = 108 cfu/ml
10 mis of solution contains 1000 jug Concanavalin A and ca. 109 cfu’s.
Wt/Mol.Wt = Number of Moles 
1 xlO-3 / 1.02 xlO5 = 9.8 xlO"9 moles of Con A per 109 cfu’s.
Number of moles x Avogadro’s number = Number of molecules 
9.8 xlO’9 x 6.022 xlO23 = 5.904 xlO15 molecules of Con A per 109 cfu
-» 5.904 xlO6 molecules of Con A per cfu at 100 jug/ml
& 1.181 xlO7 molecules of Con A per cfu at 200 jug/ml
& 2.362 xlO7 molecules of Con A per cfu at 400 jag/ml
& 4.724 xlO7 molecules of Con A per cfu at 800 jug/ml.
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Calculation of molarity of sucrose equivalent to V a  strength Ringer’s 
solution for Section 8.5..
The chemical composition of Va strength Ringer’s solution is NaCl 
( 40 mM ), KC1 ( 1.4 mM ), CaCl2 ( 0.6 mM ), and NaHC03 ( 0.6 mM ). 
0.225 %  NaCl, 0.0125 %  KC1, 0.012 % CaCl2.6H20  and 0.005 % NaHC03.
------------------------------------------------------------------------------------------
NaCl  Sucrose
Molarity
Graph of osmolarity vs molarity 
( from Maser e t  a l . , 1967 )
From the graph, 40 mM NaCl has an osmolarity equivalent to 0.12 M sucrose 
solution.
0.12 M sucrose «  4 % ( w /w ) sucrose solution: ( M.Wt. = 342 )
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